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SECTION N 




THE AXIAL AIR-GAP, LUNDELL-TYPE, A- C GENERATOR 


The design manual presented here in section N, is a hand- 
calculation manual arranged for computer programming. 
To use this manual we suggest following the sequence 
indicated by the arrangement of the design sheet, Fig. N 3 
The numbers in brackets on the design sheet give the item 
number of that particular calculation. The items in the 
design manual are given in the sequence indicated by their 
number. 


N-l 




DISK TYPE LUNDELL 

FIGURE N 1 


N-2 



THE FLUX CIRCUIT FOR A SINGLE- STATOR, AXIAL-GAP, 
LUNDELL, A-C GENERATOR. THE LEAKAGE FLUXES 
ARE INDICATED BY DASHED LINES 


I'-’5 


FIGURE N 2 



DISC -TYPE SYNCHRONOUS 


STATOR 


STATOR 1.0. 0 

STATOR 0.0. U 

CORE LENGT H (1?) 

OBS X Z ! 

SLOTS { 

CARTER C06FF. 


TYPE VfcOGF C 

THROW U 

SKEW t DOT FA CT. (42] 

CHORD FACTOR 

CONO PER SLO T 

TOTAL EFF.COND. 

CON D SIZE 

COND AREA 

CURRENT DENSITY 


6 .CONST. ( 72) C f 

TOTAL FLUX 

GAP AREA 

GAP DENSITY 

POcE CONST 

FLUX PER POLE 

SHAFT FLUX 


TOOTH PITCH (27) 

TOOTH OENSITY 

CORE DENSITY 

GRADE IRON 


ROTOR 





AMP COND. PER IN 

REACT. FACTOR 

COMO. PERM. 

END PERM. 

LEAKAGE REACT. 

AIR GAP PERM. 

REACT. OF ARM. 


DAMPER EARS N* 

EAR SIZE 

BAR PITCH h 0 _ 


FIELD COIL TURNS _ 

COND. SIZE 

COND AREA 

MEAN TURN 

RES(D ° 


(146) 

I (149 

(153) 



wiwm m 


REACTION -TIME CONSTANT 


SYNCH . (133) X* (134) 

UNSAT. TRANS. ( 166 ) 

SAT. TRANS 

SUBTRANS. X/ (168)^ (169) 

NEG. SEQUENCE ( 17 °) 

ZERO SEQUENCE > ( 

OPEN C1R.TIME CON. (^ 

ARM. TIME CON . 

TRANS. TIME CON . ( 1 7 ^ 

SUBTRANS. TIME CON. ' ^ 



SATURATION 


AIR GAP AT (96) 

STATOR AT ( 97 ) (98) 

POLE AT 

NO LOAD AT 

RATED LOAD A T (236) 

OVERLOAD AT 

SHORT CIRCUIT AT (180) 


LOSSES- EFFICIENCY 


FfeW (183) 

ST A. TEETH (184) 
STA. CORE 
POLE FAC6T186). 
DAMPER 

STA. I*R 

EDDY 

FIELD I t R (182 


£ LOSSES 

RATING 


RATING $ LOSSES 

V* LOSSES 

V# EFF. 


im I 

(242) I 
(185) 

(243) j 

(245) 

(246) | 


W.O. 

( 2 )“ 


FOR F1GU 

.% P.F. (4)/(3) V OLTS 
POLES 


FIGURE N3 


COOLING 

AMPS (5) P U ASE 

RPM BY 
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AXIAL AIR-GAP, LUNDELL TYPE A. C. GENERATOR, DESIGN MANUAL 


(1) 



DESIGN NUMBER - To be used for filing purposes. 

(2) 

KVA 

GENERATOR KVA 

(3) 

E 

LINE VOLTS 

(4) 

e ph 

PHASE VOLTS - For 3 phase, delta connected generator 


EpH = (Line Volts) = (3) 

(5) 

m 

For 3 phase, wye connected generator 
Ern ( Line Volts ) ( 3 ) 

EpH - j r - jr 

PHASES - number of 

(5a) 

i 

f 

FREQUENCY - In cycles per second 

(6) 

P 

POLES - Number of 

(7) 

RPM 

SPEED - In revolutions per minute 

(8) 

r PH 

PHASE CURRENT - In amperes at rated load 

(9) 

PF 

POWER FACTOR - Given in per unit 

(9a) 

K c 

ADJUSTMENT FACTOR - When PF = 0. to .95 set K r = 



when PF = .95 to 1. set K c = 1.05 


N-5 


(10a) d 


STATOR EQUIVALENT DIAMETER 


\ (O.D.?~» (LD.t ^(12?~ » (llf ~ 


(11) LD. STATOR I.D. - The inside diameter of the stator toroid 


in inches. 


(12) O. D. STATOR O.D. - The outside diameter of the stator toroid 


in inches 


(13) J GROSS CORE LENGTH - In inches 

n (O.D.)-(LD.) (12)-(11) 

* = 2 = 2 

(16) Kj STACKING FACTOR - This factor allows for the coating 

(core plating) on the punchings, and the 
looseness of the ribbon. Approximate values 
are giver in Table IV. 


THICKNESS OF 
LAMINATIONS 
(INCHES) 

. C 14 
.018 
.025 
.028 
.063 
. 125 


GAGE 


0.92 
0.93 
0.95 
0.97 
0.98 
0. 99 


TABLE IV 


(17) Ha 


(18) 

(19) k 

(20) B 


( 21 ) 

(22) bo' 
b l 
b 2 
b 3 
b s 

ho 

hi 

h 2 

h3 

hs 

ht 

hw 


SOLID CORE LENGTH - The solid length is the gross 
length times the stacking factor. 

its = (K t ) x (I) = (16) x (13) 

MAGNETIZATION CURVES are to be available for stator, 
pole and yoke. 

WATTS/ LB - Core loss per lb of lamination material. 

Must be given at the density specified in (20). 

DENSITY - This value must correspond to the density 
used in Item (19) to pick the watts/lb. The 
density that is usually used is 77. 4 kilolines,/in2. 

TYPE OF STATOR SLOT - Refer to Figure 1 for 

type of slot. 

ALL SLOT DIMENSIONS - Given in inches per Figure 1. 
Note: For Type (c) slot 

h ( b l) + ( b 3) (22) + (22) 

s - 2 2 




STATOR SLOTS - number of 

DEPTH BELOW SLOTS - The depth of the stator core 
below the slots. 
h c = ho ~ h s = (24) - (22) 

Where t^ 0 is the total thickness of the stator 




SLOTS PER POLE PER PHASE 

(Q) z (23) 

q =(pnw W157 

STATOR SLOT PITCH (average) 

V- X(d) 1T(10a) 
= —Q = ' (23) 



N-9 




(27) 

r s vs 

(28) 

-- 

(29) 



STATOR SLOT PITCH - 1/3 distance up from narrowest 
section of tooth. 

r s 1/3 = '*s = w 

TYPE OF WINDING - Record whether the connection is 
wye or delta 

TYPE OF COIL - Record whether random wound or formed 
coils are used. 
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(30) 


CONDUCTORS PER SLOT - The actual number of con- 


01 ) 


(31a) 


(32) 


03) 


y 


ductors per slot. For random wound coils use 
a space factor of 75% to 80%. Where space 
factor is the percent of the total slot area 
that is available for insulated conductors after 
all other insulation areas have been subtracted 
out. 

1 THROW - Number of slots spanned. For example, with 
a coil side in slot 1 and the other coil side 
in slot 10, the throw is 9. 

PERCENT OF POLE PITCH SPANNED - Ratio of the number 
of slots spanned to the number of slots in a 
pole pitch 

- ixl - ( 31 > 

" (m)(q) - (5)(25) 

PARALLEL PATHS , no. of - Number of parallel circuits 
per phase 

STRAND DIA OR WIDTH - In inches. For round wire, 
use strand diameter. For rectangular wire, 
use strand width. 


N-ll 



(34) 


NUMBER OF STRANDS PER CONDUCTOR IN DEPTH - 


N ST 


Applies to rectangular wire. In order to have 
a more flexible conductor and reduce eddy current 
loss a stranded conductor is often used. For 
example, when the space available for one 
conductor is . 250 width x . 250 depth, the 
actual conductor can be made up of 2 or 3 
strands in depth as shown. 


one 


strand^ 


one conductor 


For the derivation of the eddy loss 
formula see the Appendix of the 
first quarterly report. 


(35) 


| (36) 


<*b 



DIAMETER OF BENDER PIN in inches - This pin is used 
in forming coils 

COIL EXTENSION BEYOND CORE in inches - Straight por- 
tion of coil that extends beyond stator core. 


! (37) 


h ST 


HEIGHT OF UNINSULATED STRAND in inches 


(38) 



DISTANCE BETWEEN CENTERLINES OF STRANDS IN 


DEPTH in inches. 


N -12 




STATOR COIL STRAND THICKNESS in inches - For rec- 
tangular conductors only. For round wire 
use 0. 

SKEW - Stator slot skew in inches at main air gap. To 
be measured at the stator O. D. as the devi- 
ation from a radial line at that point. 


POLE PITCH in inches at the median diameter 


V- TT(d) : >f(10a) 

P- W (6) 


SKEW FACTOR - The skew factor is the ratio of the voltage in- 
duced in the coils to the voltage that would be induced 
if there were no skew 


is the pole pitch 

Sln -ZVET pl 

*SsK ~ tt(T — Y~ a * ou ^ si de diameter 

SK 

-wfg- of the stator 

7s* = (.40 ) 

DISTRI BUTION FACTOR - The distribution factor is the ratio 
of the voltage induced in the coils to the voltage that 
would be induced in the coils if the winding were 
concentrated in a single slot. See Table FZ for com- 
pilation of distribution factors for the various har- 
monies. 


RqXoc s > 


K d- 


(q)sin (0C s ) 


where cc - 

8 ■ m 
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(44) 


(45) 


(46) 


IC - Sin 

90°/ (m) 

sin 

90°/(5) 


d (q) sin 

[90°/ (m)(qjj 

(25) sin [ 

90°/ (5) x (25)] 


For (25) = Integer 


or 




sin 

[oc(m)/2_ 

N sin 

cc(m)/2 


, (O) 180 

where N t Integer = x Integer & ccm = 


v _ sin 

90°/ (m)l 

sin 

[~90°/ (5p 

K 1 — 

N sin 

90°/N(m) 

U N sin 

_90°/Nx(5)] 


% 


n 


wm 

For (25) = Integer 


PITCH FACTOR - The ratio of the voltage induced in the coil to 
the voltage that would be induced in a full pitched 
coil. See Table 1 for compilation of the pitch factors 
for the various harmonics. 


K p = sin 


x 90° 

(m)(q) 


= sin 


(31) x 90' 


O 


TOTAL EFFECTIVE CONDUCTORS - The actual number of ef- 
fective series conductors in the stator winding taking 
into account the pitch and skew factors but not allow- 
ing for the distribution factor. 


n = 
e 


(Q)(n s )(Kp)(Kg K ) (2 3) (30) (44) (42) 

(C) = (55) 


CONDUCTOR AREA OF STATOR WINDING in (inches) - 

The actual area of the conductor taking into account 
the corner radius on square and rectangular wire. 
See the following table for typical values of corner 
radii 

If (39) = 0 then a = . 257T(Dia) 2 = . 25TT(33) 2 

Vs 
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(39) ^ 0 then a c = (N gT ) (strand width) (strand depth) - (.858 r 2 ) 


• (34) [733) (39) - [.858r c 2 j[] 
o 

where . 858 r is obtained from Table V below. 



(33) .188 

.189 (33) .75 

(33) .751 

.050 

. 000124 

. 000124 

. 000124 

.072 

.000210 

. 000124 

. 000124 

.125 

.000210 

. 00084 

. 000124 

.165 

. 000840 

. 00084 

. 003350 

.225 

. 001890 

. 00189 

. 003350 

.438 

-- 

. 00335 

. 007540 

.688 

-- 

. 00754 

. 01340 

-- 

-- 

. 03020 

. 03020 


TABLE V 


S S 


CURRENT DENSITY - Amperes per square inch of stator 
conductor 


(IPH) (8) 
s = (C)(a c ) = (32)(46) 


END EXTENSION LENGTH in inches 


When (29) = 0 then: 



5+K t MY)C0. d] 
Q : 


. 5 \ 


1. 3 if (6) 
1. 5 if (6) 
1. 7 if (6) 



When (29) = 1. then: 
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(49) 1/2 MEAN TURN - The average length of one conductor in inches 

J x = V) + (L e ) = (13) + (4a) 

(50) X„°C STATOR TEMP °C. - Input temp at which F. L. losses will be 

calculated. No load losses and cold resistance will 
be calculated at 20° C. 

(51) P„ RESISTIVITY OF STATOR WINDING - In micro ohm-inches @ 

S “ 

20 C. If tables are available using units other than 
that given above, use Table VI for conversion to 
ohm-inches. 


p 

ohm-cm 

ohm-in 

ohm-cir 

mil/ft 

1 ohm -cm = 

1.000 

0.3937 

6. 015 x 10 6 

1 ohm-in = 

2.540 

1.000 

1.528 x 10 7 

1 ohm-cir mil/ft = 

1.662 x 10~ 7 

6. 545 x 10" 8 

1.000 


TABLE VI 

Conversion Factors for Electrical Resistivity 


(52) P 0 RESISTIVITY OF STATOR WINDING - Hot at X„°C in micro ohm- 
s o ’ • ' 1 1 1 s 

(hot) inches 
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SPH 

(cold) 


STATOR RESISTANCE/PHASE - Cold @ 20°C in ohms 


SPH (cold) 


= (51) (30) (23) (49) 


(m)(a c )(C)' 


(5)(46)(32) - 


^SPH 

(hot) 


STATOR RESISTANCE/PHASE - Calculated @ X°C in ohms 


*SPH(hot) 


= hot Hn 6 )(Q)(^ X/ ° (52)(30)(23)(49) 


(m)(a c )(C) i 


(5)(46)(32) 4 


(55) EF 
(top) 


EDDY FACTOR TOP - The eddy factor of the top coil. 

Calculate this value at the expected opera' 'ng tem- 
perature of the machine. 


EF top =1 + f 584 + 


N“ - 1 h 


16 irx 

st*t 


3. 35 x 10 


(h st >(n s )(f)(a c ) 

WU 


= 5 8 4 + [ 734) 2 - 1~ ||(38)(13)| L 

1 84 + [_ i6 JlptMM r 3 - 


35 x 10' 


(3 7) (30) (5a) (46) 
_ (22) (52) 


( 56 > EF EDDY FACTOR BOTTOM - The eddy factor of the oottom coil 
(bot) 

at the expected operating temperature of the machine 


EF (bot> - < EF ^> ^ t 8 C I X 0-3 


(top) 




?>Xhot> J 
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MAIN AIR GAP - given in inches 

[ AUXILIARY AIR GAP (gft) - given in inches 

AUXILIARY AIR GAP (ga) - given in inches 

REDUCTION FACTOR - Used in calculating conductor per- 
meance and is dependent on the pitch and dis- 
tribution factor. This factor can be obtained 
from Graph 1 with an assumed of . 955 or 
calculated as shown 


C X = 


( K x) (61) 

(Kp)2 (K d )Z = (44)2 (43)2 


FACTOR TO ACCOUNT FOR DIFFERENCE in phase current 
in coil sides in same slot. 

! 

For 60° phase belt winding, i.e. When (42a) = 60 

Kx = 1/ 4 [ (mKq) + \J where 2/3 = (y)/(m)(q) = 1.0 
K X = 1/4 1 - 3 1 3 . 1 ) + l| where 2/3 = (31a) = 1. 0 

L(5K25) J 


or 


K X = 1/4 


r %> - n 

l TOT J 


where 1/2 = (31a) = 2/3 


K X = 1 / 4 j(^||^ “ lj where 1/2 = (31a) = 2/3 
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For 120° phase belt winding, i.e. when (42a) - 120 


K X = ‘^5 when 2/3 = (y)/(m)(q) 


(62) 


K X = when 2/3 = (31a) 
or 

K x ■ •« [®- - *] where 1/2 4 (My i 2/3 

Kv = .05 f 24(31) _ ij where 1/2 = (31a) = 2/3 

[(3X25) J 

CONDUCTOR PERMEANCE - The specific permeance for 
the portion of the stator current that is embedded 
in the iron. This permeance depends upon the 
configuration of the slot. 

(a) For open slots 


(Gy Open Slots 


rz 3 


i r 

Ll\ 


-b 5 — 1 *\ 


>i * (C x' KRqJ 


(ty (hj) (b t ) 2 ,35(b t ) 

^ + S^ + T5f^ + TT^r 


Ai - (60) 


20 (22) (22) (58) 2 

<5>“(5^y + + T6(26)T5S) + 


.35(5 8) 

(26) 


(b) Constant Slot Width 


— i b °r 


J 

1 h 0 

\ * ♦ / 



il 

n 


h, 

1 

i 

I 

1 

-• — b* — 

i 

1 


(b) For partially closed slots with constant slot width 


20 


= (c x> T5H55 


(h Q ) 2(h t ) (h w ) 


e*l> (t* t ) 2 .35(b) 
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(C) Constant Tooth Width 


(c) For partially closed slots (tapered sides) 


Tr 



V 20 Pv 2(h P 

*i = (c x } TEM SO + TbTTl 


— bj 


o' + v> t J 


2(h,„) 

+ Tb 1% f 3^y + Wr) 


•35(b t ) 


(d) Round Slots 




(d) For round slots 


A i = (c x } ^r(j 62 + ^ 

\ = (60) Web T 62 + §§y 


(e) For open slots with a winding of one conductor per slot 


20 ^2^ ^1^ (e) < r s > 

*t * (c x> {5)157 TO + 510 + • 6 + 27ib + m 


- - reoi 20 r< 22 > , < 22 > , a . < 59 > , < 26 > 

^i“ (60) (5HJ5j[_py + 3l25y + + 4?59y 
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LEAKAGE REACTIVE FACTOR for end turn 


(63) 


K 


E 


Calculated value (L_) 

£ 


Ke = V i lUe (Lj from Graph 1 (For machines where til)> 8”) 

ill 

where L £ = (48) and abscisa of Graph 1 = (Y)(T S ) * (31)(26) 
/Calculated value of (L„) 

yr E' (For machines where (11)<8 M ) 

a V Value (Lg) from Graph 1 

(64) Aj£ END WINDING PERMEANCE - The specific permeance for the 

end extension portion of the stator winding 




(4(K/ 


^E L E 

_ 6.28&3)T^E L e1 

2n~ 

(13)(43) 2 

2n~~J 


The term 


^E L E 


— | is obtained from Graph 1. 

The symbols used in this (term) do not apply to those 
of this design manual. Reference information for the 
symbol origin is included on Graph 1. 
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WEIGHT OF COPPER - the weight of stator copper in lbs. 
#’s copper = . 321(n s )(Q)(a c )(£ t ) = . 321(30)(23)(46)(49) 


WEIGHT OF STATOR IRON - in lbs. 

# 's ^on = . 283 j* (b tm )(Q)(/ s )(h g ) -f-fr(d) (h c )(j/ s )j 

= . 283 ^(57)(23)(17)(22) { 7f (10a) (24)(17)j 

CARTER COEFFICIENT 

^ (r s )C 5 (g)Hb s C 

^■s = ~ ~ 5 (For open slots) 

CQ jjHg) + (b s )J - (b s ) 

K . <26) f 5(59) i (22)1 


(26) (^5(59) +(22)] - (22)' 


Ke = 


K s = 


s {^4. 44(g)-}-. 75(b Q )] (For partially closed slots) 


r s [\ 44(g) +. 75(b 0 )] - (b 0 ) 2 

(26) C4. 44(59) ± . 75(22)1 
(26) £4. 44(59)+. 75(22)] " (22 ) 2 


MAIN AIR GAP AREA - The area of the gap surface at 
the stator bore 

A g = irQo.D .) 2 - (I.D.) 2 ] = ju2 ) 2 - (11)2] 

EFFECTIVE AIR GAP (MAIN) 


Se = ( K sKg) = (67K59) 
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AREA OF OUTER AUXILIARY AIR GAP (g 2 ) - Calculate 
from layout. This gap must be uniform cir- 
cumferentially with no saturated sections if 
parasitic losses in the gap surfaces are to be 
prevented. 

AREA OF THE INNER AUXILIARY GAP (g 3 ) - The same 
comment applies to g 3 as to g 2 above. Avoid 
discontinuity in the circumferential flux pattern. 

THE RATIO OF MAXIMUM FUNDAMENTAL of the field 
form to the actual maximum of the field form. 

For pole heads with only one radius, Cj is ob- 
tained from Curve #4. The abscissa is "pole 
embrace" (oc) = (77). The graphical flux plot- 
ting method of determining Cj is explained in 
the section titled "Derivations" in the Appendix. 

WINDING CONSTANT - The ratio of the RMS line voltage 
for a full pitched winding to that which would 
be introduced in all the conductors in series 
if the density were uniform and equal to the 
Maximum value. 

_ ( E )(C 1 )(K d ) (3)(71)(43) 

f2(Ep H )(m) P(4)(5) 



Assuming K d = .955, then = . 225 Cl for 
three phase delta machines and Cyy = . 390 
for three phase star machines. 

POLE CONSTANT - The ratio of the average to the maximum 
value of the field form. Cp is obtained from 
Curve #4. Note the correction factor at the 
top of the curve. 


DEMAGNETIZING FACTOR - direct axis. 

r (oc)7T 4-sin({oc) trl = (77)7T +-sin (77) 

M = 4 sin[(oc) 'tf/2'] 4 sinj(77) Tt/23 


CROSS MAGNETIZING FACTOR - quadrature axis 


1/2 cos{joc) *1*723 ^(oc) ^ - sin^oc)^! 3 
“ 4 sin^oc) 'if/ 2J * 

1/2 cosC(77) 7 T/21 + (77)tT - sin((77)7rl 
= 4~sinjp77) W/2J 


valid for 
> concentric 
poles. 


Cq can also be obtained from Curve 9. 

POLE DIMENSIONS LOCATIONS per Figure N4-a 4 N4b 


bpi = minimum width of pole (usually at tip) measured 
at the edge of the stator toroid. 
bp2 = maximum width of pole (usually at entering edge) 
at edge of stator toroid. 

bp = average width of pole 

^ = hpl +* hp2 
2 
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AREA OF POLE AT ENTERING EDGE OF STATOR TOROID 
(outer pole) - Obtain from layout. 

A REA OF POLE AT ENTERING EDGE OF STATOR TOROID 
(inner pole) - Obtain from layout. 



FIGURE N4a 



b - EFFECTIVE WIDTH OF 
p THE POLE 


FIGURE N4b 







(80) 

P 1 

POLE TIP TO ROTOR LEAKAGE PERMEANCE - Add the 

leakage permeance from the inside pole to the 
outer flux ring and the outside pole to the shaft 
section. PEfc FIGURE N 5 






(81) 

Po 

SIDE LEAKAGE FROM POLE -TO -POLE 

a 

p 2 . ^ P£(t FIGURE N 5 



a = area of leakage path between poles x poles 



£ = median length of leakage path between a pair of poles 

(82) 

P* 

LEAKAGE PERMEANCE FROM UNDERSIDE OF POLE TO 

O 

ROTOR. 



Add the leakage permeance from inner pole to outer 



flux ring and from outer pole to shaft. Multiply this 
sum by PEfc Fit. FIGURE N 5 



fKa 3 H a 3 l P 

p 3 = \tt HprJ i 

(83) 

P/i 

LEAKAGE PERMEANCE FROM UNDERSIDE OF POLE 

4 

TO UNDERSIDE OF POLE - 



k a 4l (p) pe< e FIGURE N 6 

4 'prJ 
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I 





(84) 


p 5 


LEAKAGE PERMEANCE THROUGH FIELD COIL 
„ °V a 5 p E R FIGURE N 5 

Where a 5 = Yr(d c )(t>c) inches 2 


Where 

Where 


Where 


b c = width of field coil 
d c = field coil diameter 

s Coil O.D. + Coil I.D, inches 

( 5 = Coil °: P --- ~ Cqi1 L ®-' inches 
^ = 3. 19 


( 86 ) 

( 88 ) 


p 7 


0rp 


STATOR TO FLUX RING AND SHAFT LEAKAGE 
PE*. FIGURE N5 

TOTAL FLUX in Kilolines 


w 6(E)10 6 6(3)10® 

<*T = (C w )(n e )(RPM) = (72)(45)( 1 ) 


(89) 


fyrj 


LEAKAGE FLUX FROM STATOR TO SHAFT AND OUTER 
FLUX RING 

P 7 [2(F T ) + 2(F C ) V(Fg 2 ) 4"(F g3 )*t (F p0 )+*(Fpi)]x 10 -3 
tT7 : 2 

(86) ^2(97) +2(98) +(123) +(120) +K104)-Kl64b)J x 10" 3 
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(91) Bt 


(92) 0p 


(94) B c 


(95) Bg 


(96) F g 


TOOTH DENSITY in Kilolines/in 2 - The flux density in the 

stator tooth at 1/3 of the distance from the minimum 
section. 



FLUX PER POLE in Kilolines 

0p = (88)(73) 

^ (P) (6) 

CORE DENSITY in Kilolines/in 2 - The flux density in the 
stator core 



GAP DENSITY in Kilolines/in 2 - The maximum flux density 
in the air gap 

b = (At) = (88) 

g (Ag) (68) 

AIR GAP AMPERE TURNS - The field ampere turns per pole 
required to force flux across the air gap when oper- 
ating at no load with rated voltage. 
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(97) 


STATOR TOOTH AMPERE TURNS 


(98) 


( 100 ) 


( 102 ) 


(103) 


<*X 


<*pt 


B 


po 


f t = (h s ) |^Nl/inch at density (B ^) J 


c 


= (22) \ look up on stator magnetization curve 
given in (18) at density (91) 


STATOR CORE AMPERE TURNS 


F r = 


^Nl/inch at density (B c)J 


)T(10a) 
F c = 4^6) 


Look up on stator magnetization curve 
at density (94) 


LEAKAGE FLUX - at no load 


0 X = [(P 1 HP 2 MP 3 MP 4 )] j}(F T )+2(F c )HFg2)KF g3 j]KlO 

= [j80)f(81)4<82)+(83)] Q2(97)V2(98)M123)+(120)] 


*t(? 


TOTAL FLUX PER POLE - at no load 


Opt = = (92) + (100) 


FLUX DENSITY IN OUTER POLE (NL) 


n (0ot) (102) 

®p° = (5poT ~m 
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1 

(104) 

F 

r po 

f pi 

Or 

AMPERE TURN DROP THROUGH OUTER POLE @ N. L. 

(104a) 

F p 0 =Wpo) Nl/inch at density (B p0 )J 

= (104) ILook up on pole magnetization curve! 

L_at density (103). -* 

Where H^q = length of outer pole. 

FLUX DENSITY IN INNER POLE @ N. L. 

(104b) 

B . £pt - ( 102 ) 

B Pi “ Kg - W 

AMPERE TURN DROP THROUGH THE INNER POLE @ N. L, 

(104c) 

Fpi =(lpi) ^Nl/inch at density (B pi )J 

= (104b) PLook up on pole magnetization curve aFj 

[jdensity (104a) 1 

Where (J! pi ) = length of inner pole 

( FLUX IN ROTATING OUTER FLUX RING AT NO LOAD 



0r = $g2 = 0g3 = $sh 
= (108) = (lie,) = (111) 
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(104d) 


(104e) 


(108) 


( 111 ) 


B. 


0 g 2 


0 s h 


FLUX DENSITY IN ROTATING OUTER RING at no load 


Where 


B r - (Or) - (104c) 

(ArT TToidJ 

A r = ring cross-section area adjacent to the 
outer pole (P Q ) 


AMPERE TURN DROP IN RING at no load. 


F r =(i r ) ^Nl/inch at density (Br)] 


c 


= (104e) I Look up on ring magnetization curve 
at density (104d) 

Where = length of ring 


'] 


FLUX IN AUXILIARY GAP at no load 


0g2 = 0 g 3 = 0 r = 0sh = Opt -H^(7 

= t 102 )^ +■ (89) 


FLUX IN SHAFT at no load 


Osh = 0g2 = Or = 0g3 


= (108) = (104c) = (ll 8a) 


N-3^ 


I 



( 112 ) 

(113) 

(114) 


(118) 


(118a) 

(119) 


L sh 


B 


sh 


sh 


0 , 


g3 


B g3 


AREA OF SHAFT (cross-sectional to flux) 


FLUX DENSITY IN SHAFT at no load 


B sh = feh _ (111) 
sh (TT2) 


AMPERE TURN DROP IN SHAFT at no load 


F sh = ^sh NI/ inch at density (U^jJ 

= (114) | Look up on shaft magnetization curve] 

at density (113) _J 

Where = effective length of shaft 

LEAKAGE FLUX ACROSS THE FIELD COIL in Kilolines 


5 = 


(P5) |] F g2 )-!( F g3 )t2( F t ) V2 ( F c >K F po ) 
■f(F pi )+<F r )f<F s hf] x 1(T 3 


= (84) jjl23>Kl20)f2(97H-2(98Ml04) 
4(104b)+(104e)+(114)] x 10" 3 

FLUX IN AUXILIARY GAP g 3 


0 g 3 = 0 g 2 = (108) 

FLUX DENSITY IN AUXILIARY GAP g 3 


B * 3 =cSf 


_ (H8a) 
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(120) F g3 AMPERE TURN DROP ACROSS THE AUXILIARY AIR GAP g 3 
Fg 3 ■ *5^- (gj) x 10 3 = <“*9 (59c) x 10 3 

(122) Bg 2 FLUX DENSITY IN AUXILIARY AIR GAP 

B e2 = = (108) 

gZ Tror 


(123) F g2 AMPERE TURN DROP ACROSS AUXILIARY GAP (g2) 
Fg2 = (B f (g2) x 10 3 = - 12 «)(?q a ) x 10 3 


(126a) 0 y FLUX IN YOKE 


(126b) B v YOKE DENSITY 


B - ^y) -(126a) 
y " (A^J~ _ (T 26 by 


Where ay = yoke cross-sectional area 

(126c) F y AMPERE TURN DROP IN YOKE at no load 
F y = Ay ^ Nl/inch at density (By)J 


= (126c) | Look up on yoke magnetization curve" 
^jat density (126b) 

Where v = length of yoke 
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(127) 


TOTAL AMPERE TURNS at no load 


f NL 


(127a) 


IFNL 


(127b) 


e FNL 


F N L = (2(F c )t2(F T )+<Fpo)+(Fp i )+(F r )-KFsh)MFg2)4.(F g 3)+(F y )] 

= 2(98)4-2(9 7)-K 104)f( 104b)H 104e)K 1 14)f{ 1 23>H 1 20)t{ 126c) 

FIELD CURRENT - at no load 

IFNL - (F N l)/(N F ) = 127)/(146) 

FIELD VOLTS - at no load. This calculation is made 

with cold field resistance at 20°C for no load 
condition. 

E F = (!FNL)( R f cold) = (127a)(154) 


(127c) S F 


(128) A 


CURRENT DENSITY - at no load. Amperes per square inch 
of field conductor. 

S F = (lFNL»)/( a cf) = (121^153) 

AMPERE CONDUCTORS per inch - The effective ampere 

conductors per inch of stator periphery. This 
factor indicates the "specific loading" of the 
machine. Its value will increase with the rat- 
ing and size of the machine and also will in- 
crease with the number of poles. It will decrease 
with increases in voltage or frequency. A is 
generally higher in single phase machines than 
in polyphase ones. 

a _ (IPH)(ns )(Kp) (8)(30)(44) 

(C) (Ts) * (32)(26) 
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(129) X 


(130) X g 


REACTANCE FACTOR - The reactance factor is the quantity by 
which the specific permeance must be multiplied to 
give percent reactance. It is the percent reactance 
for unit specific permeance, or the percent of normal 
voltage induced by a fundamental flux per pole per 
inch numerically equal to the fundamental armature 
ampere turns at rated current. Specific permeance 
is defined as the average flux per pole per inch of 
core length produced by unit ampere turns per pole. 


X = 


100(A|(K d> 100Q28M31 

V2 (Cj)(Bg) x 10 3 V2 (71) (95) x 10* 


LEAKAGE REACTANCE - The leakage reactance of the stator 
for steady state conditions. When (5) = 3, calculate 
as follows: 

x / » xQ/p + (/ E )] = (79) [(62) + (64)] 

In the case of two phase machines a component due 
to belt leakage must be included in the stator leakage . 
reactance. This component is due to the harmonics 
caused by the concentration of the MMF into a small 
number of phase belts per pole and is negligible for 

three phase machines. When (5) * 2, calculate as 
follows: 


, _ 0. 1(d) 


sin 


0. 1(11) 

sin 

f 3 ( 31 )~l on 0 1 
lj5J55jJ 90 


(Xp) 


- 

~m — J 


^ * xQ/j) + (Ag) + where /g * 0 for 3 phase mac hine s 

x jL * P»)[(B1) +(64) + (/ 30 )| 
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Xd = (X,) + (Xad) = (130) + (131) 

SYNCHRONOUS R E ACTANCE - quadrature axis - The steady 
state short circuit reactance in the quadrature axis. 

Xq = (Xj) + (X aq ) = (130) + (132) 
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(145) 

v r 

(146) 

Np 

(147) 

*tF 

(148) 

— 

(149) 



PERIPHERAL SPEED - The velocity of the rotor surface in 
feet per minute 

v = 7 r(dr)(RPM) _^(Ua)(7) 
r 12 12 

NUMBER OF FIELD TURNS 

MEAN LENGTH OF FIELD TURN 

FIELD CONDUCTOR DIA OR WIDTH in inches 

FIELD CONDUCTOR THICKNESS in inches - Set this item = 0. 
for round conductor. 
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(150) 


(151) 


X f °C 


Pi 


(152) \ p f 
| (hot) 


(153) 


a-cf 


(154) 


Rf 

(cold) 


FIELD TEMP IN °C - Input temp at which full load field loss 
is to be calculated. 

RESISTIVITY of field conductor @ 20°C in micro ohm-inches. 
Refer to table given in item (51) for conversion fac- 
tors. 

RESISTIVITY of field conductor at X f °C 

P f (hot) = P, ( Oyc) + 234. 5~~ ] . (1M) f pLSO) 4- 234. 5 1 

254.5 254.5 J 

CONDUCTOR AREA OF FIELD WINDING - Calculate same 
as stator conductor area (46) except substitute 

(149) for (39) 

(148) for (33) 

COLD FIELD RESISTANCE @ 20°C 


Rf (cold) = (A) ^ --7- — c 

( a cf) 


= (151) (146) (147) 
(153)“' 


(155) 


Rf 

(hot) 


(156) 


HOT FIELD RESISTANCE - Calculated at Xf°C (103) 

Rl (hot) = (/f hot) (Nf> = 052) (146) 041) 

(a C f) (153) 

WEIGHT OF FIELD COIL in lbs. 

#'s of copper = . 321(Nf )(/tf)(a c f ) 

= . 321(1 46 )( 6)(1 47 )(1 5 3) 
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(160) 


X F 


THE EFFECTIVE FIELD LEAKAGE REACTANCE - The 

reactance which added to the stator leakage reactance 
gives the transient reactance X'^. 


When unit fundamental armature ampere turns are 
suddenly applied on the direct axis, an initial field 
current (If) will be induced. The value of this 
initial field current will be just enough to make the 
net flux interlinking the field because of the field 
current and the armature current zero. The field 
ampere turns will equal the armature ampere turns. 


x F =x ad 


1 - 


x; F = (i3i) 


i - 


Cl 

Cm 


4 

2C D fi 

P ' i\ 

1 

<p< 

(71) 

I74J 



2(73) i- 

T 

(160) 

1160) 

6.38(11) 
(6) (160) 


(160a) 

✓ r 73 3TT 



g G = (g e ) 


[ Vf g ) + (Fga) + (r g3 ) I 
L 2(F g ) J 

(691 ) 2(96) + (123) + (120)~ l 
I 2(96) J 
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( 160 a) 

Pe 

( 161 ) 

lf 

! 

( 161 a) 

Af 


p = 0 g2 @ NL 
6 (IfNL)(N F ) @ NL 

P p = (108) 

6 (127a)(146) 

FIELD INDUCTANCE 

L F = (N f ) 2 P e lO- 8 

= (146) 2 (160^x 10" 8 

SPECIFIC PERMEANCE OF FIELD 

= p l + p 2 + p 3 + p 4 + P5 
= (80) + (81) + (82) + (83) + (84) 
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(166) x’du UNSATURATED TRANSIENT REACTANCE 

x ’du = (X/) + (Xf) = (130) + (160) 

(167) X d SATURATED TRANSIENT REACTANCE 

X d = . 88(X du ) = .88(166) 

(168) x" d SUBTRANSIENT REACTANCE in direct axis 

X” d = (X d ) = (167) 

(169) x” q SUBTRANSIENT REACTANCE in quadrature axis 

x 'q = (Xq) = (134) 

(170) X2 NEGATIVE SEQUENCE REACTANCE - The reactance due to 

the field which rotates at synchronous speed in a 
direction opposite to that of the rotor. 

X 2 = . 5 [x" d + X" q ] = . 5 [Jl68) + (169)] 

(172) Xq ZERO SEQUENCE REACTANCE - The reactance drop across 

any one phase (star connected) for unit current in eac 
of the phases. The machine must be star connected 
for otherwise no zero sequence current can flow and 
the term then has no significance. 

If (28) = 0, then Xo = 0 
If (28) t 0, then 
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(173) K 


xo 


(174) Kxj 


( 175 ) Afio 


(176) Td0 



+ 


1.667 Qhj) + 3(h 3 )] 
(®)('l)(K^) !, (K d ) Z (b s ) + 




+ 1.667 f (22) + 3(22)1 
(5)(25)(44) 2 (43> 2 (22) 


If (30) 

= 1 

Then K 
xo 

= i 



If (30) 

+ 1 

Then K xo 

. 3(V) 
(m)(q) 

- 2 






. 3(31) 

o 







- c 


If (30) 

= 1 

Then Kjj.^ 

- 1 



If (30) 


"hen: 





K xx 

r *<>') 

_ il 

J 

3(31) 

1~ 

Y/ /o 1 V A/tM 

xl 

L4(m)(q) ' 4J‘ 

L 


? 

If (3 la) >.667 


~ 3(y) n 

4(m)(q) I ‘ 

r 

3(31) 

?(5j(j5r 

1 

? 

i 

If (3 la) <.667 


) O) LC9 ) 

OPEN CIRCUIT TIME CONSTANT - The time constant of the 

field winding with the stator open circuited and with 

negligible external resistance and inductance in the 

field circuit. Field Resistance at room temperature 

(20°C) is used in this calculation. 

t’ = l F - (161) 
d ° Rf 1154) 
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(177) 


ARMATURE TIME CONSTANT - Time constant of the D.C. 

component. In this calculation stator resistance at 


(178) T d 


(179) T” d 


(180) F SC 


room temperature (20°C) is used. 

r = x 2 = (170) 

2007Kf)(r a ) 2007T(5a)(177) 


Where 


(m)(IpH) 2 (RsPH cold) _ (5)(8) 2 (53) 
Rated KVAXio’ ~ (2)x\0 > 


TRANSIENT TIME CONSTANT - The time constant of the 
transient reactance component of the alternating 
wave. 


T '<* ■ w (T '*>> ■ P (176) 

SUBTRANSIENT TIME CONSTANT - The time constant of the 
subtransient component of the alternating wave. 

This value has been determined empirically from 
tests on large machines. Use following values: 

T d = . 035 second at 60 cycle 

T d = . 005 second at 400 cycle 

SHORT CIRCUIT AMPERE TURNS - The field ampere turns 
required to circulate rated stator current when the 
stator is short circuited. 

FSC = (XdXFg) = (133)(96) 
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SHORT CIRCUIT RATIO - The ratio of the field current to 
produce rated voltage on open circuit to the field 
current required to produce rated current on short 
circuit. Since the voltage regulation depends on the 
leakage reactance and the armature reaction, it is 
closely related to the current which the machine pro- 
duces under short circuit conditions and, therefore, 
is directly related to the SCR. 

SCR = (F NL )/(F SC ) = (127)/ (180) 

n 

FIELD I R - at no load. The copper loss in the field winding 
is calculated with cold field resistance at 20°C for 
no load condition. 

Field I 2 R = (IpNL) 2 (Rf cold) = (127a) 2 (154) 

FRICTION fe WINDAGE LOSS - 

For this calculation use the information given in 
the Rotor Friction Analysis part of The Thermal 
Study of Section C. 
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(184) W'j’jjL STATOR TEETH LOSS - at no load. The no load loss 

(Wtnl) consists of eddy current and hysteresis 
losses in the iron. For a given frequency the no 
load tooth loss will vary as the square of the flux 
density. 

W TNL = . 453(b t1rn XQX/sXIisXKq) 

= .453(57 )(2 3 )(17 )(2 2 )(18 4 ) 

Where Kq . (k) [jgl] * = (19) [g>>] ’ 

(185) W c STATOR CORE LOSS - The stator core losses are due to 

eddy currents and hysteresis and do not change under 
load conditions. For a given frequency the core loss 
will vary as the square of the flux density (B c ). 

w c - O d. J (MVsXKq) 

where ^ • (k > 2 = « 9 > IjSsQ 2 

(186) Wj^pl POLE FACE LOSS - at no load. The pole surface losses are 

due to slot ripple caused by the stator slots. They 
depend upon the width of the stator slot opening, the 
air gap, and the stator slot ripple frequency. The no 
load pole face loss (WpjjL) can be obtained from 
Graph 2. Graph 2 is plotted on the bases of open 
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slots. In order to apply this curve to partially open 
slots, substitute b G for b s . For a better understand- 
ing of Graph 2, use the following sample: 

Kf as given on Graph 2 is derived empirically and 
depends on lamination material and thickness. Those 
values given on Graph 2 have been used with success. 
K 1 is an input and must be specified. See Item (187) 
for values of Kj. 

K 2 is shown as being plotted as a function of (Bq ) 2,5 
Also note that upper scale is to be used. Another 
note in the lower right hand corner of graph indicates 

that for a solid line ( ), the factor is read 

from the left scale, and for a broken or dashed line 

( ), the right scale should be read. 

For example, find K 2 when Bq = 30 kilolines. First 
locate 30 on upper scale. Read down to the inter- 
section of solid line plot of K 2 = f(BQ) 2 * 5 . At this 
intersection read the left scale for K 2 . K 2 = .28. 
Also refer to Item (188) for K 2 calculations. 

K 2 is shown as a solid line plot as a function of 
(FsLT)*‘ The note on this plot indicates that the 
upper scale X 10 should be used. Note F SLT = slot 
frequency. For an example, find K 3 when F SLX = 
1000. Use upper scale X 10 to locate 1000. Read 
down to intersection of solid line plot of K 3 = 
f(FsLT) * . At this intersection read the left scale 



for Kg. Kg = 1. 35. Also refer to Item (189) for 
K3 calculations. 

For K 4 use same procedure as outlined above except 
use lower scale. Do not confuse the dashed line in 
this plot with the note to use the right scale. The 
note does not apply in this case. Read left scale. 
Also refer to Item (190) for K4 calculations. 

For Kg vise bottom scale and substitute b 0 for bg 
when using partially closed slot. Read left scale 
when using solid plot. Use right scale when using 
dashed plot. Also refer to Item (191) for Kg cal- 
culations . 

For Kg use the scale attached for Cj and read Kg 
from left scale. Also refer to Item (192) for Kg 
calculations . 

The above factors (Kg), (K3), (K4), (K5), (K0) can 
also be calculated as shown in (188), (189), (190), 
(191), (192) respectively. 

WpNL =7Md)(^(K 1 )(K 2 )(K3)(K4)(K 5 )(Kg) 

='7?“(11)(13)(187)(188)(189)(190)(191)(192) 

Kl is derived empirically and depends on lamination material 
and thickness. The values used successfully for Kj 
are shown on Graph 2. They are: 


(188) K 2 


(189) K 3 


(190) K 4 


Kj = 1.17 for .028 lam thickness, low carbon steel 
= 1.75 for .063 lam thickness, low carbon steel 
= 3.5 for .125 lam thickness, low carbon steel 
= 7.0 for solid core 

K 1 is an input and must be specified on input sheet. 

K 2 can be obtained from Graph 2 (see Item (18 6) for explana- 
tion of Graph 2) or it can be calculated as follows: 

k 2 = KBq) = 6.1 x 10~ 5 (Bq) 2 - 5 

= 6. 1 x 10”® (95) 2 * ® 

K 3 ca « be obtained from Graph 2 (see Item 186 for explana- 
tion of Graph 2) or it can be calculated as follows: 

k 3 = f ( F SLT) = 1.5147 x 10” 5 (FgLT) 1 ' 65 

= 1.5147 x 10“ 5 (189) 1 * 65 

Where F SLT = (q) 

= S < 23 > 

K 4 can be obtained from Graph 2 (see Item 186 for explana- 
tion of Graph 2) or it can be calculated as follows: 

For 'T'g = .9 

K4 - f(7a) - .SKT-s) 1 - 285 
= .81(26) L285 


k -51 


(191) K 5 


For .9 = T s = 2.0 
K 4 = fCTs) = .79(r s ) L145 
= . 79(26) 1 * 145 
For7" s >2.0 

K 4 = f(r s ) = .92(r s )* 79 

= .92(26)* 79 

K 5 can be obtained from Graph 2 (see item 186 for explana- 
tion of Graph 2) or it can be calculated as follows : 
For (bg)/(g) = 1.7 

K 5 = f(bg/g) = .3 IjM/fej] 2 ‘ 31 

= .3 [(22)/(59)] 2 * 31 

NOTE: For partially open slots substitute b G for bg 

in equations shown. 

For 1.7<£(b s )/(g) = 3 

K 5 = f (b s )/ (g) = .35 Qbs)/(g)] 2 

= .35 [(22)/ (59)] 2 

For 3 <(b s )/(g) = 5 

K 5 = f(b s )/(g) = .625 Qbs)/(g0 L4 

= .625 [(22)/(59)j 1,4 


N-52 


I 


For (b s )/(g)>5 


(192) 


k 6 


(194) I 2 R 

(195) - 


(196) 


K 5 = f 0%) /(g) . 1.38(0%) / (g)3 • 965 
= 1.38 |(22)/(59)] ' 965 

K0 can be obtained from Graph 2 (see Item 186 for explana- 
tion of Graph 2) or it can be calculated as follows: 

K 6 = f(Ci) = 10 1^9323(0!) - 1.60596] 

= 10 [ 79323 ( 71 ) - 1.60596] 

STATOR I 2 R - at no load. This item = 0. Refer to Item 

(245) for 100% load stator I 2 R. 

EDDY LOSS - at no load. This item = 0. Refer to Item 

(246) for 100% load eddy loss. 

TOTAL LOSSES - at no load. Sum of all losses. 

Total losses = (Field I 2 R) + (F&W) + (Stator Teeth Loss) 

+ (Stator Core Loss) + (Pole Face Loss) 


= (182) + (183) + (184) + (185) + (186) 


NOTE: The output sheet shows the next items to be: 

(Rating), (Rating + Losses), (% Losses), 

(% Efficiency). These items do not apply to 
the no load calculation since the rating is 
zero. Refer to Items (248), (2»9), (2se>), (2*1) 
for these calculations under load. 

The no load calculations should all be repeated now 
for 100% load. 
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(196a) 


(198) 


(198a) 


(207) 


(213) 


e d 


0 


fa xml 

LEAKAGE FLUX PER POLE at 100% load 




ttnf\\ J(198)(96) 4- [l + cos (198a) J (97) 4* (98) 
- KlW) \ (96) V (97) V (987 


^ m 

Where e^ = cos£ + (X^) sin Y 


= cos (198a) 4 (83) sin (198b) 
Where 0 = cos -1 jjPower Factor )J 
- cos -1 £(9)] 

Where - tan -1 ^” s * n 




(0) 4- (Xq) /(100 )J 


cos(0) 

Wneref = f - 0 = (198a) - (198a) 


= tan' 1 | sin (198a) 4 (134) / ( 100) 
cos (198a) 


9 


07L STATOR TO ROTOR FLUX LEAKAGE at full load 

$7L= P 7 (?(Fc)+2(Ft) ti+cos(03+<F g 2L)KF K 3L)KFpOL)KFpii)|x 10' 3 

= («fc) [2(98)4 2(9 7) |(l+cos(198a)| 4-(225)4(231)+(222a)4-(222c)] x 10 -3 

0 PL FLUX PER POLE at 100% load 


For P. F. 0 to . 95 

0PL = (0p) jj: e d ) - 1 9 ^ ad ^ sin Cf)J 

= (92) [(198 ) - • 93 1 ( ( j 0 31) sin (198a)] 
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(213a) 


( 221 ) 


( 222 ) 


(222a) 


(222b) 


0PTL 


0g2L 


B 


pot 


'poL 


B piL 


For P. F. . 95 to 1. 0 
0PL = (0p)(Kc) = ( 92 . )(9a) 

TOTAL FLUX PER POLE at 100% load 


0PTL = 0PL + ^t?- = (213)^11|6?I 

P (6) 

AUXILIARY GAP (g 2 ) FLUX 

0g2L = (0g3L) = (0rL) = (0 s hL> = «*pL) -J-H0 7 l) 

= (213)^(207) 

FLUX DENSITY IN OUTER POLE at full load 


B po = 0PTL . (213a) 


L po 


TW 


AMPERE TURN DROP THROUGH OUTER POLE at full load 

F poL = (^po) ^ Nl/inch at density (Bpo^jj 

= (104) iLook up on pole magnetization curve! 

J^at density (222) 

FLUX DENSITY IN INNER POLE at full load 


B ni . - <*PTL _ (213a) 
piL ' A pi “ Troitf 
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(222c) 


AMPERE TURN DROP THROUGH INNER POLE at full load 


(222d) 


(222e) 


(224) 


(225) 


piL 


BrL 


FrL 


B, 


g2L 


g2L 


F piL = ipi ^ NI/ inch at density (B piw )J 

z (104b) ("Look up on pole magnetization curve at”j 


l- 


density (222b) 


FLUX DENSITY IN ROTATING OUTER RING at no load 


R rL - C*rL - (221) 


(104d) 


AMPERE TURN DROP IN RING at full load 


F r L = (ir) ^NI/ inch at density (B r )J 


= (104e) 


Look up on ring magnetization curve at 
density (222d) 


n 


FLUX DENSITY IN AUXILIARY GAP under load 


B g2L 


L g2 


m 


AMPERE TURN DROP IN AUXILIARY GAP (g 2 ) 


F g 2L = (B | 2 ^ (S2) x 10 3 


= ^ (59a) x 103 



( 226 ) 


(229a) 

(229b) 

(229c) 

(230) 

(231) 


0yL 

B yL 


LEAKAGE ACROSS FIELD COIL 

<*5L = P 5 t?(F c H2(F T )[ii-cos(0)j(Fg2L)l(F g 3)4<F poL )+(Fp iL ) 
+(F r lXF shL ) +-(F y u)]x I 0 _> 

= (84) ^2(98)4-2(97) Ql +K:os(198aj] + (225)+<231)t{222a)t(222c) 
■K222e)K233)H229c)j| x 10 -3 


FLUX IN YOKE BACK OF COIL at full load 


FLUX DENSITY IN YOKE BACK OF COIL at full load 



- - (22?a) 

(AyT " (I26bj 


FyL 


B, 


g3L 


AMPERE TURN DROP IN YOKE at full load 


FyL = Hy (J Nl/inch at density (ByL^J 

= (123c) ["Look up on yoke magnetization curve! 

[at density (mi) I 


GAP DENSITY IN AUXILIARY GAP (g ? ) at full load 


B g3L = jgs 3L) - (221) 
S (A g 3 ) " 7765) 


F g3L 


AMPERE TURN DROP ACROSS GAP at full load 
F g3 = — (g3) x 10 3 

= (59c) x 10 3 
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(232) 


(233) 


(236) 


*shL 


F shL 


SHAFT DENSITY at full load 


R~hL - (0shL) - < 221 ) 

shL v^r - (TT2) 


SHAFT AMPERE TURN DROP 


F shL = (^sh) £ Nl/inch at density (B s h)J 


= (H4) 


Look up op shaft magnetization curve 
at density (232) 


f FL 


TOTAL AMPERE TURNS at full load 


f FL = 2 ( F cH'2(F T )[lH : os(0j] •HF g2L )+(F g 3 L )+(Fp oL )t<F piL ) 
+(F rL )+(F shI XF yL ) 


= 2(98)^2(97) [l+cos(198a)] + (225H<231)H222a)+(222c) 
+(222e)+<233H<229c) 
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(237) Iffl 


(239) 


(238) E FF L 


(241) I 2 R FL 


(242) W TFL 


FIELD CURRENT at 100% load 

IFFL = (Ffl)/(N F ) = (2 36)/ (146) 

CURRENT DENSITY at 100% load 

Current Density = G F FL)/(a c f) = (237)/(153) 

FIELD VOLTS at 100% load - This calculation is made with ho 
field resistance at expected temperature at 100% load. 


Field Volts = G FF L)(Rf hot) = (237)(155) 

FIELD I^R at 100% load - The copper loss in the field winding 
is calculated with hot field resistance at expected 
temperature for 100% load condition. 

Field I 2 R = G FF L) 2 (Rf hot) = (237) 2 (155) 


STATOR TEETH LOSS at 100% load - The stator tooth loss 
under load increases over that of no load because of 
the parasitic fluxes caused by the ripple due to the 


rotor damper bar slot openings. 

r “'v 

W TFL =' 2 -27(Xd) 18 +1 ’(WtNl) 
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(243) 


POLE FACE LOSS at 100% load 


(245) 


(246) 


(247) 


W PFL 


WpFL =1 


(Ksc)dPH) < n s] + l , (W PNL ) 

(C)(F g ) J 


g 

(243)(8) 1 (30) 
_ (32)(96) 


DM 


(186) 


(Kgc) is obtained from Graph 3 


iV 


STATOR 1 2 R at 100% load - The copper loss based on the D. C 
resistance of the winding. Calculate at the maximum 
expected operating temperature. 


I 2 R = (mXlpH) 2 (RSPH hot) — 


= (5)(8)2 (54) 1 

EDDY LOSS - Stator I^R loss due to skin effect 

Eddy Loss = jTEF top) +. (EF botl . ^ ( Stator j2 R ) 

[ (55) + (56) 

= L 2 

TOTAL LOSSES at 100% load - sum of all losses at 100% load 
Total Losses = (Field I^R) + (F&W) + (Stator Teeth Loss) 

+ (Stator Core Loss) + (Pole Face Loss) 

+ (Stator I 2 R) + (Eddy Loss) 

= (241) + (183) + (242) + (185) + (243) + (245) + (246) 
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(248) 

(249) 

(250) 

(251) 



These items can be recalculated for any load condition 
by simply inserting the values that correspond to the % 
load being calculated. 

Values for F&W (183) and W c (Stator Core loss) (185) 
do not change with load. 
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INPUT AUXILIARY DATA SHEET 


Auxiliary Information taken from the design manuals to be used in conjunction with input sheets for 
convenience. 

A. All dimensions for lengths, widths, and diameters are to be given in inches. 

B. Resistivity Inputs, Items (141) and (151) are to be given in micro-ohm-inches. 


The following items along with an explanation of each are tabulated here for convenience. For complete 
explanation of each item number, refer to design manuals. 

Item No, Explanation 

(9) Power factor to be given in per unit. For example for 90% P. F. , insert . 90. 

Adjustment Factor - For P. F. <.95 insert 1.0 

(9a) 

For P. F. y .95 insert 1.05 

(10) Optional Load Point — Where load data output Is required at a point other than those given 

as standard on the input sheet. Example: For load data output at 155% load, insert 1,55 . 

(14) Number of radial ducts in stator. 

(15) Width of radial ducts used in Item (14). 

(18) Magnetization curve of material used to be submitted as defined in Item (18). 

(19) Watts/ Lb. to be taken from a core loss curve at the density given in Item (20) (Stator). 

(20) Density in kilolines/ in 2 . This value must correspond to density used to pick Item (19) 
usually use 77.4 KL/in 2 . 

(21) Type of slot - For open slot Type A, insert 1.0. 

For partially open slot Type B with constant slot width, insert 2,0 . 

For partially open slot Type C with constant tooth width, insert 3. 0 . 

For round slot Type D, insert 4.0. 

For additional information, refer to figure adjacent to input sheet which 
shows a picture of each slot. 

(22) For stator slot dimension - for dimensions that do not apply to the slot insert 0.0. 

Use Table below as guide for input. 


Slot Type 

Symbol Item 1 2 3 4 


b 0 (22) 0.0 

1 

* 

* 

* 

b l 

0.0 

0.0 

* 

0.0 

*»2 

0.0 

0.0 

♦ 

0.0 

b3 

0.0 

0.0 

* 

0.0 

b S 

* 

♦ 


* 

ho 

0.0 

* 

* 

* 

hi 

* 

* 

* 

0.0 

h 2 

* 

0.0 

0.0 

0.0 

h3 

* 

♦ 

0.0 

0.0 

hg 

* 

* 

♦ 

♦ 

h t 

0.0 

* 

* 

0.0 


h w » 0.0 * * 0.0 

* ■ insert actual value. 

b l + b 3 
? ■ b s - 2 



It em No, Explanation 


(28) 

(29) 

(30) 

(33) 

(34) 
(34a) 

(35) 

(37) 

(38) 

(39) 

(40) 
(42a) 

(48) 

(87) 

(137) 

(138) 
(140) 

(148) 

(149) 
(187) 


(71) A 

(72) 

(73) 


Type of winding - for wye connected winding insert 1.0, 
for delta connected winding insert 0,0 . 

Type of coil - for formed wound (rect. wire), insert 1.0. 

for random wound (round wire) insert 0. 0 . 

Slots spanned - Example - for slot span of 1-10, insert 9. 0. 

For round wire insert diameter. For rectangular wire insert wire width. 

Strands per conductor in depth only. 

Total strands per conductor in depth and width. 

Diameter of coil head forming pin. Insert .25 for stator O. D. <8 inches; 

Insert . 50 for stator O. D. > 8 in. 

Use vertical height of strand for round wire, insert 0. 0, 

Distance between centerline of strands in depth. Insulation 

Stator strand thickness — use narrowest dimension of the two dimensions given for a 
rectangular wire. For round wire insert 0.0. 

Stator slot skew in inches. 

Phase belt angle - for 60° phase belt, insert 60°. 

for 120° phase belt, insert 120° . 

See explanation of items (71), (72), (73), (74) and (75). Same applies here. 

When no load saturation output data is required at various voltages, insert 1.0. 

When no load saturation information is not required, insert 0.0 . 

Damper bar thickness -- use damper bar slot height for rectangular bar. For round 
bar insert 0.0. 

Number of damper bars per pole. 

Damper bar pitch in inches. 

For round wire insert diameter. For rectangular wire insert wire width. 

For rectangular wire insert wire thickness. For round wire insert 0. 0. 

Pole face loss factor. For rotor lamination thickness .028 in. or less, insert 1. 17. 
For rotor lamination thickness .029 in. to .063 in. insert 1. 75. 

For rotor lamination thickness .064 in. to .125 insert 3. 5. 

For solid rotor insert 7.0. 

If the values of these constants are available, insert the actual number. If they are 
not available, insert 0. 0 and the computer will calculate the values and record them on 
the output. 




HOMOPOLAR COMPUTER DESIGN (INPUT) 


MODEL 


EWO 


DESIGN NO(l) . 


(2) 

KVA 

GENERATOR KVA 



FUND/MAX OF FIELD FLUX 

<71 ) 

Cl 

(3) 

E 

LINE VOLTS 



WINDING CONSTANT 

(72) 

Cw 

(4) 

mm 

PHASE VOLTS 



POLE CONST. 

<”> 



(5) | 

m 

PHASES 



END EXTENSION ONE TURN 

(48) 

le 

(5a) 

( 

FREQUENCY 



DEMAGNETIZATION FACTOR 

(74) 

Cm 

(6) 

* .... 

P 

POLES 



CROSS MAGNETIZING FACTOR 

(75) 

BUI 

(7) 

RPM 

RPM 



1 1 H 1 II iii — — 

(76) 


(8) 

1 ph 

PHASE CURRENT 



POLE LENGTH 

in) 

n 

(9) 

PF 

POWER FACTOR 



POLE HEIGHT 

(76) 

a_j 

(9o) 

K c 

ADJ. FACTOR 



POLE HEIGHT (EFFECTIVE) 

(76) 

n 

(10) 


OPTIONAL LOAD POINT 



POLE EMBRACE 

(77) 

oc 

01) 

d 

STATOR I.D. 



ROTOR DIAMETER 

IRRI 


02) 

D 

STATOR O.D. 



STACKING FACTOR (ROTOR ) 

06) 

Ki 

(13) 


GROSS CORE LENGTH 



WEIGHT OF ROTOR IRON 

(157) 

(-) 

(14) 

n v 

NO. OF DUCTS 



POLE FACE LOSS FACTOR 

087) 

(K 1 ) 

(15) 

b v 

WIDTH OF DUCT 



WIDTH OF SLOT OPENING 

(135) 

bbo 

(16) 

Ki 

STACKING FACTOR (STATOR) 



HEIGHT OF SLOT OPENING 

(135) 

hbo 

(19) 

k 

WATTS/LB. 



DAMPER BAR DIA. OR WIDTH 

036) 

( ) 

(20) 

B 

DENSITY 



RECTANGULAR BAR THICKNESS 

037) 

mm 

(21) 


TYPE OF SLOT 



RECTANGULAR SLOT WIDTH 

(135) 

bbl 

(22) 

b o 

SLOT OPENING 



NO. OF DAMPER BARS 

(138) 

nb 

(22) 

b 1 

SLOT WIDTH TOP 



DAMPER BAR LENGTH 

(139) 

am 

(22) 

b 2 




DAMPER BAR PITCH 

(140) 

am 

191 

b 3 




RESISTIVITY OF DAMP. BAR * 20° 


EM 

1531 

b. 

SLOT WIDTH 



DAMPER BAR TEMP °C 

nzsB 

RBI 

■rag 

Ko 




SHAFT DIAMETER 

(78o) 

D.h 

(22) 

M 


] 


SHAFT I.D. 

R3g 

«Uh 

(22) 

b2 




SHAFT EXT. DIAMETER 

(78a) 

EM 

(22) 

K3 




LENGTH OF SHAFT 

(7Ba) 


(22) 


SLOT DEPTH 



TYPE OF YOKE 



(22) 

ht 




YOKE THICKNESS 

rcm 


(22) 





YOKE THICKNESS 

(78) 

Jlfi 

II fSM 

SB 

NO. OF SLOTS 



YOKE THICKNESS 

(78) 

Nr 

(28) 


TYPE OF WDG. 



YOKE I.D. 

(78) 

ESI 

(29) 


TYPE OF COIL 

' 1 " 


FIELD COIL INSIDE DIA. 

(78) 

d coll 

(30) 

n % 

CONDUCTORS/SLOT 



FIELD COIL OUTSIDE DIA. 

IbjBM 

Deoil 

(31) 

Y 

SLOTS SPANNED 



FIELD COIL WIDTH 


bcoil 

(32) 

c 

PARALLEL CIRCUITS 



NO. OF FIELD TURNS 

046a) 

nf 

(33) 


STRAND DIA. OR WIDTH 

j 


MEAN LENGTH OF FLD. TURN 

047) 

BJ1 

(34) 

N 

STRANDS/CONDUCTOR 



FLD. COND. DIA. OR WIDTH 


mm 

(34a) 

N * st 

STRANDS/CONDUCTOR 



FLD. COND. T HCKNESS 

mm 

— 

(39) 


STATOR STRAND T'KNS 



FLD. TEMP IN ° C 

mm 

evSh 

(35) 

EH 

DIA. OF PIN 




TTTIB 


(36) 

IB 

COIL EXT. STR. PORT 



i mini—— 

TCBB 


(37) 

| b sf 

UNINS. STR D. HT, 



FftICTtQM & WIMCMUHE 

imJ 

(F&W) 

(38) 

BPIM 

DIST. BTWN. C L OF STD. 




'usm i 

BSM i 

(42o> 


PHASE BELT/ANGLE 



LEAKAGE PERMEANCE 

fCBB 

BH 

(40) 

hh 

STATOR SLOT SKEW 



LEAKAGE PERMEANCE 

mm 


(50) 

EBB 

STATOR TEMP °C 



LEAKAGE PERMEANCE 


P7_ J 

(51) 


nihi'mni nriTif 






(59) 

9 min 

MINIMUM AIR GAP 



HCTTOR LAM. MTR'L 


■ ■ 

(59a) 

9 max 

MAXIMUM AIR GAP 




firm 

Mil 


DESIGNER 

DATE 

REV. H 


STATOR SLOT 


POLE 


P-Ol 
















































































































































































































SUMMARY OF DESIGN CALCULATIONS - HOMOPOLAR INDUCTOR (OUTPUT) 


DESIGN NO. 



SOLID CORE LENGTH 


DEPTH BELOW SLOT 


SLOT PITCH 


(?;i/3HSLOT PITCH 1/3 DIST. UP 


(K «k) SKEW FACTOR 


DIST. FACTOR 


PITCH FACTOR 


EPF. CONDUCTORS 


COND. AREA 


CURRENT DENSITY (STA.) 


1/2 MEAN TURN LENGTH 


(Rob) I COLD STA. RES. • 20 • C 


HOT STA. RES # X° C 


EDDY FACTOR TOP 


EDDY FACTOR BOT 


STATOR COND. PERM. 


(At) END PERM. 


WT. OF STA COPPER 


WT. OF STA IRON 


(Pm) \ LEAKAGE PERMEANCE 


LEAKAGE PERMEANCE 


LEAKAGE PERMEANCE 


(P 7 ) LEAKAGE PERMEANCE 


FLD. COND. AREA 


(R F ) I COLD FLD RES * 20° C 


HOT FLD RES * X® C 


*T. OF FLD. COPPER 


WT. OF ROTOR IRON 


PERIPHERAL SPEED 


ARM TIME CONST. 


TRANS TIME CONST. 


SUB TRANS TIME CONST. 


SHORT CIR. N! 


PERCENT LOAD 





(176) 

<T d .) 

(177) 

(T q ) 

078) 

(T'd ) 

077) 

<T'*4> 

080) 

(F.c) 


CARTER COEFFICIENT 


AIR GAP AREA PER STATOR 


AIR GAP PERM 


EFFECTIVE AIR GAP 


FUND/MAX OF FLD. FLUX 


WINDING CONST. 


POLE CONST. 


END. EXT. ONE TURN 


DEMAGNETIZING FACTOR 


CROSS MAGNETIZING FACTOR 


AMP COND/IN 


REACTANCE FACTOR 


LEAKAGE REACTANCE 


REACTANCE OF 
ARMATURE REACTION 


SYN REACT DIRECT AXIS 


sTN REACT QUAD AXlT 


FIELD SELF INDUCTANCE 


DAMPER 

LEAKAGE REACT 


UNSAT. TRANS. REACT 


SAT. TRANS. REACT 


SUB. TRANS.RE ACT DIRECT AX. 


SUB. TRANS.REACTQUAD AX. 


NEG SEQUENCE REACT 


ZERO SEQUENCE REACT 


TOTAL FLUX 


FLUX PER POLE 


GAP DENSITY 


TOOTH DENSITY 


CORE DENSITY 


TOOTH AEPERirtURNS 


'ORE AMPERE TURNS 


(67) 

(K. ) 

(680 

( - ) 

<70. 

) ( A.) 

(67) 

(» • ) 

(71) 

(Cl ) 


(72) <C W ) 


(48) <LE ) 


(74) (Cm) 


(75) <C q ) 


(128) (A) 


(12V) (X) 


031) (X^) 


(132) (Xot,) 


033) (X<j ) 


060) (X f ) 


(161) (Lf ) 


(163) (XD 4> 


(165) (X D o ) 



(91) 

<B t ) 

(94) 

(Be ) 

(97) 

(Ft ) 

(98) 

<F q ) 

(96) 

(F a > 



MAGNETIZATION i REACTANCE T CONSTANTS J GAP 





































































































































HOMOPOLAR 

NO LOAD SATURATION OUTPUT SHEET 

























'&j Open Slots 


TYPE 1 
(Type 5 is an open 
slot with 1 conductor 
per slot) 


"1 “] 

i 

k 

■ 2 v 

1 . 



| ! 

; i 


! L , 

j j 

J, 

} 

h| r 

f 

1 hs 

l h5 

j j 

i 

3 



! ’ 


(b) Constant Slot Width 

0: F n C] 

» ‘f — 

i 





h— b * H 


TYPE 3 


b g for type 3 is 

b =fbl+b 3 ' 
S V 2 / 


(C) Constant Tooth Width 
— - b, — 

i b °r 

T 1 lJ — J 

I / \-iPj 

> ! — \vl 


(.d ) Round Slots 
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HOMOPOLAR INDUCTOR GENERATOR 


COMPUTER DESIGN MANUAL 



KVA 


RPM 


P. F. 


DESIGN NUMBER 
GENERATOR KVA 
LINE VOLTS 
PHASE VOLTS 
PHASES 
FREQUENCY 
POLES 
SPEED 

PHASE CURRENT 
POWER FACTOR 
ADJUSTMENT FACTOR 
LOAD POINTS 
STATOR PUNCHING LD. 

ROTOR OJ). 

PUNCHING OJ). 

GROSS STATOR CORE LENGTH 
RADIAL DUCTS 
RADIAL DUCT WIDTH 
STACKING FACTOR 
SOLID CORE LENGTH 

P-1 



MATERIAL - This input is used in selecting the proper mag- 
netization curves for stator; 

yoke; pole, and shaft; when dif- 

ferent materials are used. Separate spaces are’ 
provided on the input sheet for each section men- 
tioned above. Where curves are available on card 
decks, used the proper identifying code. Where 
card decks are not available submit data in the 
following manner: 

The magnetization curve must be available on semi- 
log paper. Typical curves are shown in this manual 
on Curves pi5 ^ Fife Draw straight line segments 
through the curve starting with zero density. Re- 
cord the coordinates of the points where the 
straight line segments intersect. Submit these 
coordinates as input data for the magnetization 
curve. The maximum density point must be sub- 
mitted first. 

Refer to Figure below for complete sample 



Ampere Turns Per Inch 
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(19) 

k 

(20) 

B 

(21) 

(22) 


(23) 

Q 

(24) 

he 

(25) 

q 

(26) 

Ti s 

(27) 

TV 

(28) 

— 

(29) 

— 

(30) 

n s 

(31) 

y 

(31a) 


(32) 

c 

(33) 

-- 

(34) 

n ST 

(34a) 

N ST 

(35) 

d b 

(36) 

ie2 

(37) 

h ST 

(38) 

h ST 


WATTS/ LB 
DENSITY 

TYPE OF STATOR SLOT 
ALL SLOT DIMENSIONS 
STATOR SLOTS 
DEPTH BELOW SLOTS 
SLOTS PER POLE PER PHASE 
STATOR SLOT PITCH 
STATOR SLOT PITCH 
TYPE OF WINDING 
TYPE OF COIL 
CONDUCTORS PER SLOT 
THROW 

PER UNIT OF POLE PITCH SPANNED 
PARALLEL PATHS 
STRAND DIA. OR WIDTH 

NUMBER OF STRANDS PER CONDUCTOR IN DEPTH 
NUMBER OF STRANDS PER CONDUCTOR 
DIAMETER OF BENDER PIN 
COIL EXTENSION BEYOND CORE 
HEIGHT OF UNINSULATED STRAND 

DISTANCE BETWEEN CENTERLINES OF STRANDS IN DEPTH 
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STATOR COIL STRAND THICKNESS 


(39) 


(40) 

r SK 

(41) 

r p 

(42) 

(42a) 

^SK 

(43) 

*d 

(44) 


(45) 

n e 

(46) 

a c 

(47) 

S S 

(48) 

l e 

(49) 

L 

(50) 

x s °c 

(51) 

f* 

(52) 

^t) 

(53) 

^PH 

(cold) 


SKEW 

POLE PITCH 
SKEW FACTOR 
PHASE BELT ANGLE 
DISTRIBUTION FACTOR 
PITCH FACTOR 

TOTAL EFFECTIVE CONDUCTORS 

CONDUCTOR AREA OF STATOR WINDING 

CURRENT DENSITY 

END EXTENSION LENGTH 

1/2 MEAN TURN PE£ STATOfc. 

STATOR TEMP °C 

RESISTIVITY OF STATOR WINDING 

RESISTIVITY OF STATOR WINDING 

STATOR RESISTANCE/PHASE 

r sph = 2(/s)frs)(QH/t) x Itr 6 

(cold) - frn)(a c )(C) 2 

- 2 (51) ( 3 0) (2 3) (49) x 10~ 6 
(5) (46) (32)2 
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(54) 


r sph 

(hot) 


STATOR RESISTANCE/PHASE 


(55) EF 
(top) 

(56) EF 
(bot) 

(57) b| m 
(57a) b tl / 3 

(58) bt 

(59) g 

(60) C x 

(61) K x 

(62) 7 \ j 

(63) Ke 

(64) A E 

(65) - 

( 66 ) - 

(67) Kg 

(68) Ag 

(69) ge 


r sph = 

(hot) 


2 (/ , s(hot))(71s>(Q)(^t) x 10 " 6 
M(a c )(c) 2 


_ 2 (52)(30)(23)(49)(10~ 6 ) 
(5)(4t)(32)2 


EDDY FACTOR TOP 
EDDY FACTOR BOTTOM 


STATOR TOOTH WIDTH 

STATOR TOOTH WIDTH 

TOOTH WIDTH AT STATOR IJD. IN INCHES 

MAIN AIR GAP IN INCHES 

REDUCTION FACTOR 

FACTOR USED IN CALCULATING (60) 

CONDUCTOR PERMEANCE 

LEAKAGE REACTIVE FACTOR 

END WINDING PERMEANCE 

WEIGHT OF COPPER 

WEIGHT OF STATOR IRON 

CARTER COEFFICIENT 

MAIN AIR GAP AREA 

EFFECTIVE AIR GAP 
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(70c) 

*a 

(71) 

Cl 

(72) 

c w 

(73) 

Cp 

(74) 

C M 

(75) 

C q 

(76) 


(77) 

oc 

(77a) 



AIR GAP PERMEANCE 

THE RATIO OF MAXIMUM FUNDAMENTAL of the field form 
to the actual maximum of the field form. 

WINDING CONSTANT 
POLE CONSTANT 
DEMAGNETIZING FACTOR 
CROSS MAGNETIZING FACTOR 


POLE DIMENSIONS LOCATIONS 



POLE EMBRACE 


The permeance paths for the leakage fluxes in 
the homopolar inductor are designated P m , 

Pg, Pg, P^ and the leakage fluxes that leak 
through the above permeance paths carry the 
same subscript. 
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The leakage fluxes are shown on the following 
schematic drawing of a homopolar inductor and 
also on the schematic drawing showing the mmf 
drops in the flux circuit. 

This computer program is set up to handle the 
permeance calculations two ways: 

1) P m , P5, Pg, P7 can be calculated 
by the computer. For this case, insert 
0. on the input sheet. 

2 ) P5, Pg, P7 can be calculated by 
the designer. For this case, insert the 
actual calculated value on the input sheet. 

Permeance calculations Pj through P7 are all 
based on the equation - 

p _ A (area) 

£ 

where ^ = 3.19 

Area= cross sectional area perpendicular 
to flux 

^ = length of path 
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YOKE AND COIL DIMENSIONS FOR THREE TYPES OF 
HOMOPOLAR INDUCTOR CONSTRUCTION 


There are three common types of housing or yoke con- 
struction and each must be calculated differently. 

Type I 

The first type of housing is straight and of uniform 
thickness 



The coil is located axially between the stator stacks and 
radially between the output winding and the housing or yoke 
£ y = (b co ii + 2/3 jl ) assuming that the effective length of 
the yoke for the flux density calculated is 1/3 of the stack 
length. 
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Type II 



In the second type of housing, the excitation coil is so 
located that the housing or yoke must be jogged out to 
accommodate it. 

Type m 

In the third configuration, the housing is tapered over 
the stator and the yoke density is approximately uniform 
over most of the stator stack length. The yoke length in 
this case can be taken as 3/4 over each stack. 
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b C oil " coil width 
ty r = yoke thickness 
ty C = yoke thickness 
ty = yoke thickness 
d yc = yoke ID 

d C0 ii ■ field coil inside dia. 

D co il = field coil o utside dia - 


p-9a 






p 

Use effective pole height (hp) when the rotor 
is tapered and the actual height (hp) when the 
rotor is straight. 


P-il 


. 3.19(T)(d r )(l) 10 (11 a) (13) 

p ( h 'p + g) (6) (76) + (59) 



(84a) P 5 


(85a) P 6 


LEAKAGE PERMEANCE - across the field coil 





( 88 ) 0 ^ 
(91) Bt 
(91a) 0 m 

(91b) Arj, 


NO LOAD SATURATION CALCULATIONS - The next 

calculations deal with no load saturation. When 
the no load saturation data is required at various 
voltages, insert 1^ on input sheet for "No Load 
Sat. " The computer will then calculate the 
complete no load saturation curve 80, 90, 100, 
110, 120, 130, 140, 150 and 160% of rated volts. 
When complete saturation data is not necessary, 
insert 0^_ on input sheet and the cc nputer will 
calculate data for rated voltage. 

TOTAL FLUX in Kilolines 
TOOTH DENSITY in Kilolines/in 2 

Leakage flux from rotor to stator between /the rotor 
lobes (poles or teeth). 

0 m ' ( p m ) < F g> x 10 “ 3 = (80c)(96)(10 -3 ) 

Area of the teeth of one stator at a point 1/3 the length 
of the tooth out from the bore. 

ArsQjfg b tl /3 = (23)(17)(57a) 
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(91c) 

(92) 0 p 
(94) B c 

(94a) A c ) 

(95) B g 

(96) F g 


The flux density in the stator teeth in Kilolines/in 2 , at 
no-load rated voltage. 

B - (0T) » (0m)( p ) (88) ♦ (91a)(6) 

(Arp) (91b) 

FLUX PER POLE in Kilolines 

The flux density in the core in Kilolines/in 2 at no-load 
rated voltage. 

B c - _ (92) + (91a) 

(Ac) (94a) 

EFFECTIVE AREA OF THE CORE 

A c - (D - 2 ^c) %£ s [ft 2)- 2 (24)1 TT (17) 

GAP DENSITY in Kilolines/in 2 - The maximum flux density 
in the air gap. 

„ ( 0T> (88) 

s ; V (d) («) = 7r(U)(13) 

AIR GAP AMPERE TURNS - The field ampere turns per pole 
required to force the useful flux across the air 
gap when operating at no load with rated voltage. 

F - f B g )(g e> 10 3 _ (95)(69) 10 3 

g 3. 19 03 
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Total air-gap ampere-turn drop across the single air-gap 
at no-load, rated voltage. 


m 


V m r 


F 4. x 10 3 

S 3. 19 (Ag) 


(qfi\ + (6) (91 a) (69) x 10 3 
(9b} + 3.19 (68) 


STATOR TOOTH AMPERE TURNS 
Frj. z h g Q^l/in at density 

- (22) (Look- up on stator magnetization curve given 
jju (18) at density (91c) 


STATOR CORE AMPERE TURNS 



The flux leaking through leakage permeance path P 7 at 
no-load, rated volts. The leakage flux from the outer 

end of the stator to the shaft and rotor. 

$7 i P7 t m)J x 10“ 3 = (86a)(93a) x 10“** 


(104b) Bp 


(106a) Fp 


(112) Ag H 


(112a) I 


(113) B gH 


Pole Flux Density at NL. 

B - _ (92) » (91a) 

p a p ' (79) 

Ampere turns drop in pole at no-load. 

= hp j~Nl/in at (B p fJ 

= (76)^Nl/in at (104b)] 

The cross-section area of the portion of the rotor shaft 
connecting the two pole- carrying sections. 



The total flux in the shaft, in kilolines, when operating at 
no load, rated volts. 

0SH = ! 0 p + P0 m ^ 7 

_ (|_ (92) ^ (6) (9 la) +(99) 

The flux density in the shaft, in Kilolines/ in' 4 at no-load 
rated volts. 

B • (0 SH) . (112a) 
sh (Ash) 
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(114) 


F SH 


The ampere-turn drop in the shaft at no load. 

z HsE [Win @B S h| = (78) [Win @ (113)) 


(118a) [0 S | The flux leaking through permeance path P5 at no-load. 

This is the flux leaking across the field coil. 

05 ; P5 |^2(Fg 4 m)J x 10“3 = (84a)|^2(96a)J x 10“3 

(121a) | 0 6 I The flux leaking from stator to stator through permeance 
path Pg. 

0 6 - P 6 {j*< F g * “>] x 10"3 = (85a) |j2(96a)J x 10“3 


(124a) Ay 


(124b) Ay C 


The area of the yoke over the exciting coil, and connect- 
ing the two stators. Shown in item 78 as 
Type 1. Also the area of the yoke portion over the stator 
in Types 2 and 3. 

Ay - t y (D + ty)7f in 2 

- (78) f(12) 4 ( 78)3 n 

The area of the portion of the yoke that is outside the field 
coil in generator types 2 and 3. 


Aye z (dye + tyc)^ *yc *** 

= f(78) r (78)) IT (78) 
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(124c) 


(125a) 


(125b) 


Si 


The area of the portion of the yoke that is radial and at the 
sides of the coil in types 2 and 3. 

A yr =■ Vr (j 3 + 2t y3 ^ 

- ( 78) [(12) ♦ 2(78)J 7f 




By C j Type 1 - The flux density in the yoke @ No-load 

B yc - 0 SH ♦ ^5 » #6 _ (112a) + (118a) + (121a) 




F«< 


Types 2 and 3 - The flux density in the yoke outside the 
field coil. 

0 S H *06 + 05 

Byc - T 

Aye 

, (112a) ♦ (121a) * (118a) 

(124b) 


yc 


Type 1 - The ampere-turn drop in the yoke @ no- load. 
F yc ; (b coi i * 2/3j()[NI/in @By C ] 

; [(78) , (13)] [ Nl/in @ (125afj 


Types 2 and 3 - The ampere turn drop in the yoke section 
outside the field coil. 


F yc = b coll [Win @B yc ] 

= (78) [Nl/in @(125a)] 
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(125c) 


(125d) 


(126a) 


(126b) 


B. 


yr 


B. 


Types 2 and 3 - The flux density in the radial portion of the 
yoke at the sides of the coil in types 2 and 3. 

0SH + (05) ♦* (06) 


B 


yr - 


(Ayr) 


. (112a) + (118a) » (121a) 
(124c) 


Fy r Ampere turn drop in the radial section of the yoke. 


yr 


* fdy,, - dJ NI/in a (B yr ) 
((78) - (12)] ^NI/in @ (125c]j 


The length used here is an approximation and the Fy r 
should be so negligible as to be unnecessary to calculate. 
The calculation is included to insure an adequate area 
of iron in this section. 

Types 2 and 3 - The flux density in the yoke outside the 
stator. 


pl - 0 SH * 06 - (112a) ♦ (121a) 


Ay 

The ampere-turn drop in the yoke section over the stators 
in types 2 and 3. 

Type 2 F y = 2/3 1 [Win @ (ByJ 

= 2/3 (13) £ NI/in @ (126af) 

Type 3 F y = 4/3 [nI @ (By)J 

- 4/3 (13) Qfl/in @ (126a)J 
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The total ampere turns required to produce rated volts 
at no- load. 


(127) 

f nl 

(127a) 

t fnl 

(127b) 

E jr 

(127c) 

Sj? 

(128) 

A 

(12?) 

X 

(130) 

H 


F NL = 2 j^ F g+ m) + (F T ) * ( F c ) * ( F p)J+ ( f sh) + ( F y ) i (F yc ) ♦ (E, 
: 2 [(96a) * (97) + (98) ♦ (106a)3 


+ (114) ♦ (126b) i (125b) ♦ (12 5d) 


The field current at no-load. 


*FNL = 


F NL - (127) 
Njr (146) 


The field volts at no-load 


- ^FNL? ^ cold^ - ( 127a ) ( 154 ) 


Current density at no-load. 

S F s Mk __ (127a) 

Acf (153) 


AMPERE CONDUCTORS per inch 
REACTANCE FACTOR 

LEAKAGE REACTANCE - The leakage reactance of the stator 

for steady state conditions. When (5) = 3, calculate 
as follows: 
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(131) 

(132) 

(133) 

(134) 

(135) 


In the case of two phase machines a component due 
to the belt leakage must be included in the stator 
leakage reactance. This component is due to the 
harmonics caused by the concentration of the MMF 
into a small number of phase belts per pole and is 
negligible for three phase machines. When (5) - 2, 
calculate as follows: 


ad 


aq 


0.1(d) 


sin 

[*]•«” 

- °J&}) 

sin 

3(31)1 

Lfwsyj 

90° 



(#)(89) 

— 

~wr 



Og) + w * lere ^3 * 0 for 3 phase machines. 

X/ 1(79) Q (82) + )84) + (80)3 
REACTANCE - direct axis 
REACTANCE - quadrature axis 
SYNCHRONOUS REACTANCE - direct axis 
SYNCHRONOUS REACTANCE - quadrature axis 


DAMPER SLOT DIMENSIONS 


b^ - width of slot opening 
h^Q - height of slot opening 
b> 0 - diameter of round slot 

- height of bar section of slot 
b^ - width of rectangular slot 



b i»1 


’u- 


>■- 

•-li 
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DAMPER BAR DIA OR WIDTH in inches 


(136) 

— 

(137) 

h bl 

(138) 

n b 

(139) 

H 

(140) 

Tb 

(141) 

► 

A) 

(142) 

x D °c 

(143) 

a, 

(hot) 

(144) 

a cd 

(145) 

v r 

(146) 

n f 

(147) 

j£tF 

(148) 

— 

(149) 

— 


DAMPER BAR THICKNESS in inches - Damper bar thickness 
considered equal to damper bar slot height (hb ) per 
Item (135). Set this item = 0 for round bar. 

NUMBER OF DAMPER BARS PER POLE 

DAMPER BAR LENGTH i n inches 

DAMPER BAR PITCH in inches 

RESISTIVITY of damper bar @ 20°C in ohm-inches 

DAMPER BAR TEMP °C - Input temp at which damper lossei 
are to be calculated. 

RESISTIVITY of damper bar @ Xp°C 

CONDUCTOR AREA OF DAMPER BAR - Calculate same as 
stator conductor area 

PERIPHERAL SPEED - The velocity of the rotor surface in 
feet per minute 

NUMBER OF FIELD TURNS PER COIL 

MEAN LENGTH OF FIELD TURN 

FIELD CONDUCTOR DIA OR WIDTH in inches 

FIELD CONDUCTOR THICKNESS in inches - Set this item = 
for round conductor. 
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(150) 

Xf°C 

(151) 

A 

(152) 

Pi 

(hot) 

(153) 

a cf 

(154) 

Rf 

(cold) 

(155) 

Rf 

(hot) 

(156) 

i , 

(157) 



FIELD TEMP IN °C - Input temp at which full load field 
loss is to be calculated. 

RESISTIVITY of field conductor @ 20°C in micro ohm-inches. 
Refer to table given in Item (51) for conversion fac- 
tors . 

RESISTIVITY of field conductor at X f °C 

CONDUCTOR AREA OF FIELD WINDING - Calculate same 
as stator conductor area 

COLD FIELD RESISTANC E @ 20°C per coil 

Rf(cold) = <A ) (N F )( &f> x 10-6 . (151)(146)(147a) x IQ- 6 

( a cf) (153) 

HOT FIELD RESISTANCE - Calculated at X f °C 

„ . . ,D v (Nf)( £tf) x 10 -6 _ (152)(146)(147a) x NT 1 

RKhot) = (^hot) — ass) 

WEIGHT OF FIELD COP PER in lbs. 

#'s of copper = .321 (Nj )(^tf ) (a c f ) 

= .321 (146)(1 47a) (1 53) 

WEIGHT OF ROTOR IRON - Because of the large number of 
different pole shapes, one standard formula cannot 

be used for calculating rotor iron weight. There- 
fore, the computer will not calculate rotor iron 
weight. 


P-24 


(158) 


(159) 

>pt 

(160) 

Xp 

(161) 

l f 

(161 F) 

a f 

(162) 

a d<1 

(163) 

l 

X D d 


PERMEANCE OF DAMPER BAR - The permeance of that portion 
of the damper bar that is embedded in pole iron. 

PERMEANCE OF END PORTION OF DAMPER BARS 


FIE ID LEAKAGE REACTANCE 


X F = x ad 


1 - 


Ci/C 


m 


2C 

p if A a 


(131) 


1 - 


_{71)/(74) 


2(73) i __i_ (161 F) 

7r ~Wc) 


FIELD SE LF- INDUCTANCE 


l f -- < N F > 2 [f S ^ \ % + a 
1 ( 6 ) 


n 


j 


10 


-8 


n 


- (146) ^ (73) (70c) (13) + (161 F) J 


10 


-8 


FIELD LEAKAGE PERMEANCE 



* [(84a, * (85a) .-M ♦ (30c) l|fj 1 

LEAKAGE PERMEANCE OF DAMPER BAR IN DIRECT AXIS 
DAMPER LEAKAGE REACTANCE IN DIRECT AXIS 
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(164) 


(165) 


Aoq 

*bq 


(166) X Du 


(167) 

(168) 

(169) 

(170) 
(172) 

(176) 

(177) 

(178) 

(179) 

(180) 


X 


*2 


do 


SC 


(181) SCR 

(182) I 2 R F 


LEAKAGE PERMEANCE OF DAMPER BARS IN QUADRATURE 
AXIS " 

DAMPER LEAKAGE REACTANCE IN THE QUADRATURE 
AXIS — 

UNSATURATED TRANSIENT REACTANCE 

SATURATED TRANSIENT REACTANCE 
SUBTRANSIENT REACTANCE, DIRECT AXIS 
SUBTRANSIENT REACTANCE QUADRATURE AXIS 
NEGATIVE SEQUENCE RE ACT AN * 'E_ 

ZERO SEQUENCE REACTANCE 
OPEN CIRCUIT TIME CONSTANT 
ARMATURE TIME CONSTANT 
TRANSIENT TIME CONSTANT 
SUBTRANSIENT TIME CONSTANT 
SHORT- CIRCUIT AMPERE TURNS 

F sc = 2(X d )(F g )(10~ 2 ) - 2(83)(96) 10' 2 
SHORT CIRCUIT RATIO 

FIELD i2r - at no load. The copper loss in the field 

winding is calculated with cold field resistance 
at 20° C for no load condition. 

Field I 2 R - (Ij^l) 2 (Rj coW ) = (127a) 2 (154) 
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i 


(183) 


F&W 


FRICTION & WINDAGE LOSS - The best results are 
obtained by using existing data. For ratioing 
purposes, the loss can be assumed to vary 
approximately as the 5/2 power of the rotor 
diameter and as the 3/2 power of the RPM. 

When no existing data is available, the follow- 
ing calculation can be used for an approximate 
answer. Insert 0. when computer is to calculate 
F&W. Insert actual F&W when available. Use 
same value for all load conditions. 


F&W - 2. 52 x 10“ 6 (d r ) 2 - 5 (f p) (RPM) 1 - 5 


- 2. 52 x 10" 6 (11a) 2 * 5 (76) (7) 1 - 5 


For gases or fluids other than standard air, the 
fluid density and viscosity must be considered. 
The formula above can be modified by the factors. 


where 



Y* - density - Lbs FT"^ 

^ - viscosity LBS FT -1 HR -1 

.0765 - density std. air 
.0435 - viscosity Std. air 
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(184) W TNL STATOR TEETH LOSS - at no load. 


(185) W c 


STATOR CORE LOSS 


(186) W NPL POLE FACE LOSS - at no load. 

(187) Kx 

(188) K 2 

(189) K 3 

(190) K 4 


(193) W DNL DAMPER LOSS - at no load. 


(196) 


TOTAL LOSSES - at no load. Sum of all losses. 

Total losses - (Rotor I 2 R) 4 - (F&W) + (Stator Teeth Loss) 
+• (Stator Core Loss) +• (Pole Face Loss) 

4- (Damper Loss) 

= (182) 4 * (183) + (184) 4- (185) 4- (186) 4 - (193) 


(198) e d LOAD SATURATION 

e d - c °s€ sin f 

- cos ( 198a.) 4 * ^j^sin (19 
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(198a) 


(198b) 


(198 c) 


(199) 


9 


^dm 


0 cos * (Power Factor) 
■1 


9= cos 


(9) 


i U - tan _1 Fsin (9) + (Xg)/(100)~ | 

' j cos (0) J 

u , tan _i f Z sin (198a) ^134)/(100) 1 
[__ cos (198a) I 


<c : Y- 9 = (198a) - (198a) 


Demagnetizing ampere-turns at full load. 


F „ •45(N e )(l ph )(C m )(K d ) 
dm 

. .45 (45)(8)(74)(43) 

W) 


0 


■m L 


gL 


First approximation of the leakage flux from the shaft 
to the stator between the rotor lobes or poles (or teeth). 

^ *mL - P m j^dm * F g e d”J x 10 

—(80c) 0198b) (96)(19 b/J x 10~^ 

First approximation of the ampere turns drop across 
the main air-gap at full load. 


F gL = F g e d 


^ ( P )^mL)|e) x 1Qt3 

3 *l9QAg) 
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( 200 ) 


(200a) 


(200b) 


(200c) 


(200d) 


TL 


1 > 


PL 


PL 


PL 


5L 


Tooth ampere-turn drop under load (1st approximation) 
F TL = f T & * cos ( 0 O 

(97) Q ♦ cos (198a)] 

The first approximation of the flux per pole at full load. 


93**smV’l 


0 p L = 0p j^d “ • 

(92) £(198) - ♦ - ?? (13 ^ o sin ( 198 ^j 

The first approximation of the flux density in the pole at 
full load. 


R „ _ ' PL m 

a PL - 


Apole 




(91a) 


The first approximation of the ampere turns drop in the 
pole at full load. 

f PL= hp ^Nl/in@BpJ 

= (76) QNl/in @ (200b) J 

First approximation of the leakage flux through P3 at 
full load. 

0 5L- P s[j F gL 4 2 F TL* 2 F PL] x 10 " 3 
= (84a){2 (199) + (200) * (200c)J x 10“ 3 
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(200e) 

0 ’ 6 L 

(200f) 

u 

(200 g) 

b cl 

(201) 

f cl 

" 

(202) 

0 7L 


• 


First approximation of the leakage flux through Pg at 
full- load. 

0 6 L = P 6 j ^ 2 F gL * 2 F TL * 2 F PlJ x 10 " 3 
- (85a)[2 (199) ♦ (200) ♦ (200cf| x 10 ’ 3 


Flux in the core at full load. 

ci _ ri ±_ ^5L + $6L 

^CL - ^PL + p 


(2 1 3 ) ■ (2 26a) » (220a.) 
76) 


Flux density in the core at full load. 


B CL = 


^CL ( 200 f) 
" (94a) 


Ampere-turn drop in the core @full load. 

F CL =(W NI/in @B cl 

- (2-4) NI/in @ (200g) 

First approximation of the leakage flux through P 7 at 
full load. 

^ 7L - P 7 j^ F gL + F TL + F P lJ x 10 " 3 

- (86a) Ql99) t (200) 4 - (200c)J x 10-3 
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First approximation of the shaft flux at full load. 


(202b) 


(202c) 


(202d) 


(202e) 


0’ 


SHL 


B 


SHL 


0’sHL =■ 0PL nj + p 0 mL + 07 L 

- (200a) ^ 4- (6) (198c) -+ (202) 


First approximation of shaft density @ full load. 


B 


0’ 


SHL z 


SHL _ (202b) 


Ash 


W 7 


SHL 


0i 


mL 


First approximation of ampere turn drop in shaft at 
full load. 

F 'sHL--#SH [_M/ln@B' SHL ] 

= (78a) [W in @ (202c)J 
The final value of 0 m j J at full load. 

^mL - ^m ^dm + ** gl^ x 10 ^ 

= (80c) Ql98b) + (199)J x 10“ 3 
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(203) 


(205) 


(206) 


(207a) 



Final ampere turns across the air-gap. 



( )< ) J WrM x 10 3 
8 d (A g ) 3. 19 


■ <»«« • 


^TL 


Flux density in teeth at full load. 


B TL = 


l P ^mlJ 

(Ay) 


( 88 ) . 


TL 



Ampere-turn drop across the stator teeth at full load. 

F TL ' h s [Win 

- (22) ^Nl/in @ (205)} 

Final value 0 ^ @full load. 

^7L = P 7 [jTL + F gL + F Pl] x 10 " 3 

= (& 6 a) {^(206) 4 (203) 4 (213 L)} x 10 " 3 
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(213) 

^PL 

(213b) 

b pl 

(213 L) 

f PL 

(214a) 

&SHL. 

(215a) 

b shl 

(216a) 

f SHL 


The final value of 0 pL at full load. 

^PL=(0PL) + 0mL 
0 PL = (200a) + (202e) 

The pole flux density at full load (final value). 

B 0PL-. (2131 

PL Ap (79) 

The final value of the flux drop in the pole at full load. 
F PL =h p [Win @B pL ] 

- (76) NX/in @(21 3b)) 

Final value @full load. 

&SHL = <*PL ^ + f <*ML + 0 7L 

- (213) ^ ^ (202 e) * (207a) 

Final value of shaft flux density @full load. 
b SHL = 

^SH (112) 

Final value ampere-turn drop in shaft @full load. 
f SHL" -fsH f(Nl/in @B SHL ] 

= ( I8 d ) [nI/ in @ (215a)] 



(220a) 


Final value @full load. 


(226a) 


(228 a) 


0i 


6L 


0 , 


5L 



0 6 L = P 6 [ 2 ( F TL^ 2 (Fgl> 2 ( F PI> ( F Sh4] * 10 ' 3 
= (85a)[2 (206) + 2(203)+ 2(213L) + (216a)j x 10~ 3 


Final value @ full load. 

<*5L = P 5 [ 2 < F TI> 2 < F gI> 2 < F PI>( F SHl)] * IB’ 2 
= (84a) |^2(206) ♦ 2(203) + 2(213 L) + (216a)] x 10* 3 


Type 1 - The flux density in the yoke of the generator 
at full load. 

n 0SHL + 06L+05L 

B yCL = 



_ (214a) + (220a) + (226a) 
(124a) 


Types 2 and 3. The flux density in the yoke outside 
the field coil. 

0SHL* 06 L * 05 L 


SyCL 2 


\c 


(214a) * (220a) ♦ (226a) 
= (1 2 4b) 
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I 



(228b) 


■yCL 


(228c) 


(228d) 


B yrL 


yrL 


Type 1 - The ampere drop in the yoke at full load. 

F yCL =^coil K 2/ $ @ B yCL J 

[(78) + -1 (13)] [Win @ (228a)J 


Types 2 and 3. The ampere-turns drop in just the 
yoke section outboard of the coil. 

F yCL = b coil |>/in@B yCL ] 

z (78) fm/in @ (228a)) 

Types 2 and 3. The flux in the radial section of the 
yoke @full load. 

r _ _ ^SHL t06L 4 ' <*5L 

yr L T- 

Ayr 

(214a) 4 (220a) + (226a) 

(124c) 


Types 2 and 3. The ampere turn drop in the radial 
section of the yoke at full load. 


F yrL = [«yc- D ] (Win^rl)] 

= [(78) - (12)] [Nl/in @ (228c)] 
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(229a) 


(229b) 


(236) 


(237) 

(238) 




FL 


Types 2 and 3. The flux density in the yoke outside 
the stator. 

r ^SHL 4 ^6L 
yL '~~ \ 

. (214a) + (220a) 

(|2#d) 

The ampere-turn drop in the yoke section over the 
stators in types 2 and 3. 

Type 2 = F yL - 2/3J? (Win @£ yL )] 

= 2/3(13) [Nl/in @ (229a)] 

Type 3 = F yL - 4/3 J? [Win @(B yL )] 

= 4/3(13) |]Nl/in @(229a)] 

The total ampere-turns required to supply rated load 
at rated volts. 

F FL - 2 [ F gL ♦ f TL ♦ f CL * f Pl] 

4 F SHL 4 F yL 4 F yCL 4 F yrL 

= 2 [(203) 4 (206) 4 (201) 4 (213 L)] 

4 (216a) 4 (229b) + (228b) ♦ (228d) 


IpFL t'ltilD CURRENT at 100% load. 

E FFL FIELD VOLTS at 100% load. 


* 
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(239) 

S FL 

(241) 

i 2 r p 

(242) 

W TFL 

(243) 

W PFL 

(244) 

W DFL 

(245) 

I 2 R 

(246) 

— 

(247) 

— 


(248) 

(249) 

(250) 

(251) 



CURRENT DENSITY IN FIELD at 100% load. 

FIELD I 2 R at 100% load. 

STATOR TEETH LOSS at 100% load. 

POLE FACE LOSS at 100% load. 

DAMPER LOSS at 100% load. 

STATOR I 2 R at 100% load. 

EDDY LOSS at 100% load. 

TOTAL LOSSES at 100% load - sum of all losses at 100% load. 
Total Losses - (Field I 2 R) 4 (F&W) + (Stator Teeth Loss) 
+ (Stator Core Loss) 4 (Pole Face Loss) 4 - 
(Stator I 2 R) + (Eddy Loss) t-iDA^Pcd lcss ^ 

4 (241) 4 (183) 4 (242) + (185 ) 4 (243) 4 
(245) f (24b) + (244) 

RATING IN KW at 100% load 
RATING & LOSSES 
% LOSSES 

% EFFICIENCY = 100% - % Losses 
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INPUT AUXILIARY DATA SHEET 


Auxiliary information taken from the design manuals to be used In conjunction with Input sheets for 
convenience. 

A. All dimensions for lengths, widths, and diameters are to be given in inches. 

B. Resistivity inputs, Items (141) and (151) are to be given in micro-ohm- inches. 


The following items along with an explanation of each are tabulated here for convenience. For complete 
explanation of each item number, refer to design manuals. 

Rem No. Explanation 

(9) Power factor to be given in per unit. For example for 90% P. F. , insert . 90. 

Adjustment Factor - For P. F. ^ .95 insert 1.0 

(9a) 

For P. F. .95 insert 1.05 

(10) Optional Load Point — Where load data output is required at a point other than those given 

as standard on the input sheet. Example: For load data output at 155% load, insert 1. 55 . 

(14) Number of radial ducts in stator. 

(15) Width of radial ducts used in Item (14). 

(18) Magnetization curve of material used to be submitted as defined in Item (18). 

(19) Watts/11), to be taken from a core loss curve at the density given in Item (20) (Stator). 

(20) Density in kilolines/in^ This value must correspond to density used to pick Item (19) 
usually use 77.4 KL/in^. 

(21) Type of slot - For open slot Type A, insert 1.0 . 

For partially open slot Type B with constant slot width, insert 2.0 . 

For partially open slot Type C with constant tooth width, insert 3. 0. 

For round slot Type D, insert 4. 0. 

For additional information, refer to figure adjacent to input sheet which 
shows a picture of each slot. 

(22) For stator slot dimension - for dimensions that do not apply to the slot insert 0,0. 

Use Table below as guide for input. 


Symbol 


Item 


Slot Type 


b o (2 

2) 0.0 

♦ 

* 

* 

t>l 

0.0 

0.0 

♦ 

0.0 

b 2 

0.0 

0.0 

* 

0.0 

b 3 

0.0 

0.0 

* 

0.0 

b s 

* 

♦ 


* 

*o 

0.0 

♦ 

* 

♦ 

hi 

* 

* 

* 

0.0 

h 2 

♦ 

0.0 

0.0 

0.0 

h3 

* 

* 

0.0 

0.0 

h s 

* 

* 

♦ 

* 

h t 

0.0 

* 

* 

0.0 

hw 

0.0 

* 

* 

0.0 


* ■ insert actual value. 

b l + b 3 
? ■ b s - 2 



It em No. Explanation 


(28) 

(29) 

(30) 

(33) 

(34) 
(34a) 

(35) 

(37) 

(38) 

(39) 

(40) 
(42a) 


(48) 

(87) 

(137) 

(138) 
(140) 

(148) 

(149) 
(187) 


( 71 ) 

(72) 

(73) 

(74) 

(75) 



Type of winding - for wye connected winding insert 1.0. 

for delta connected winding insert 0.0 . 

Type of coil - for formed wound (rect. wire), insert 1. 0. 

for random wound (round wire) insert 0.0. 

Slots spanned - Example - for slot span of 1-10, insert 9. 0. 

For round wire insert diameter. For rectangular wire insert wire width. 

Strands per conductor in depth only. 

Total strands per conductor in depth and width. 

Diameter of coil head forming pin. Insert .25 for stator O. D. <8 inches; 

Insert .50 for stator O. D. >8 in. 

Use vertical height of strand for round wire, insert 0.0. 

Distance between centerline of strands in depth. Insulation 

Stator strand thickness — use narrowest dimension of the two dimensions given for a 
rectangular wire. For round wire insert 0. 0. 

Stator slot skew in inches. 

Phase belt angle - for 60° phase belt, insert 60° . 

for 120° phase belt, insert 120° . 

See explanation of items (71), (72), (73), (74) and (75). Same applies here. 

When no load saturation output data is required at various voltages, insert 1.0. 

When no load saturation information is not required, insert 0. 0 . 

Damper bar thickness — use damper bar slot height for rectangular bar. For round 
bar insert 0. 0. 

Number of damper bars per pole. 

Damper bar pitch in inches. 

For round wire insert diameter. For rectangular wire insert wire width. 

For rectangular wire insert wire thickness. For round wire insert 0.0. 

Pole face loss factor. For rotor lamination thickness .028 in. or less, insert 1. 17. 
For rotor lamination thickness .029 in. to .063 in. insert 1,75. 

For rotor lamination thickness .064 in. to .125 insert 3.5. 




For solid rotor insert 7.0. 

If the values of these constants are available, insert the actual number. If they are 
not available, insert 0. 0 and the computer will calculate the values and record them on 
the output. 


Pin 


st 


i 



PERMANENT MAGNET 
GENERATOR 


COMPUTER DESIGN (INPUT) 


1 l 1 

PARAMETERS 

(2) 

KVA 

GENERATOR KVA 


DESIGN 

NO. (1) 

FUND/MAX OF FIELD FLUX 

(71) 

Gl 

\mm 

(3) 

E 

LINE VOLTS 



WINDING CONSTANT 

(72) 

Pi 

ifm 

(4) 

£ ph 

PHASE VOLTS 



POLE CONST. 

(73) 

Hi 

IH 

(5) 

m 

PHASES 



END EXTENSION ONE TURN 

(48) 


- r— 
in 

z 

(So) 

f 

FREQUENCY 



DEMAGNETIZATION FACTOR 

(74) 

rm 

- o 
u 

(6) 

P 

POLES 



CROSS MAGNETIZING FACTOR 

(75) 

Ei 

ikI 

(7) 

RPM 

RPM 



POLE HEAD WIDTH 

(76) 


n 

(8) 

IDS 

PHASE CURRENT 



MAGNET WIDTH 

(76) 

om 

" 

(9) 

IDS 

POWER FACTOR 



POLE HEAD HEIGHT 

(74) 


■ 

STATOR STACK 

(11) 

<f 

STATOR |.D. 



MAGNET HEIGHT 

(76) 

m 

* 

(12) 

0 

STATOR O.D. 



MAGNET LENGTH 

(76) 

■i 

u 

< 

(13) 


CROSS CORE LENGTH 



POLE HEAD LENGTH 

(76) 

mm 

- H 

04) 

CM 

NO. OF DUCTS 



POLE EMBRACE 

(77) 

m 

. a 
o 

(15) 

N 

WIDTH OF DUCT 



ROTOR DIAMETER 

(11a) 

FH 

o 

QC 

mm 

m 

STACKING FACTOR (STATOR) 



STACKING FACTOR(ROTOR) 

(16) 



(IV) 

9H 

WATTS/LB. 



WEIGHT OF ROTOR IRON 

(157) 

( - ) 


(20) 

ON 

DENSITY 



POLE FACE LOSS FACTOR 

087) 

(K | ) 


STATOR SLOT 

raw 

1 

TYPE OF SLOT 



WIDTH OF SLOT OPEHIHG 

(135) 



(22) 

EM 

SLOT OPENING 



HEIGHT OF SLOT OPENING 

(135) 



(22) 


SLOT WIDTH TOP 



DAMPER BAR DIA. OR WIDTH 

(136) 

( ) 

Ct 

< 

tO 

QC 

LU 

a. 

(22) 

SB 




RECTANGULAR &AR THICKNESS 

037) 

1%) 

(22) 

DM 




RECTANGULAR SLOT WIDTH 

035) 

bkl 

(22) 

EH 

SLOT WIDTH 



NO. OF DAMPER BARS 

(138) 


(22) 





DAMPER BAR LENGTH 

(139) 


X 

< 

a 

EM 





DAMPER BAR PITCH 

040) 

k 

RfSBI 

EBB 




RESISTIVITY OF DAMP. BAR * 20 © 


mm 

(22) 

Mi 




DAMPER BAR TEMP e C 

(142) 

1*11 

(22) 

DWW 

SLOT DEPTH 



FRICTION & WINDAGE 

083) 

rrn 

■ 

(22) 

CM 




MAGNET RED FACTOR 

(508) 

9HH 

(22) 





MAGNET HYST. SLOPE 

(519a) 

h 

(23) 

Q 

NO. OF SLOTS 



MAGNET MATERIAL 

(18) 


_j 

oc 

h 

X 


(28) 


TYPE OF WDG. 



ROTOR HEAD LAM 

08) 


(2V) 

— 1 

TYPE OF COIL 



STATOR LAM. MATERIAL 

(18) 


(30) 


CONDUCTORS/SLOT 



P. / Pm CURVE DATA I 

) 

■ 


W) 

r 

SLOTS SPANNED 




— 





(32) 

c 

PARALLEL CIRCUITS 


STATOR SLOT 

POLE 


(33) 


STRAND DIA. OR WIDTH 


O 

z 

(34) 

N.t 

STRANDS/CONDUCTOR 


o 

z 

5 

(V 

(34a) 

(39) 

N'.t 

STRANDS/CONDUSTOR 


■H 

STATOR STRAND T'KNS 


5 

(35) 

2MI 

DIA. OF PIN 


'K 

P- 

(36) 


COIL EXT. STR. PORT 


DAMPER SLOT 

REMARKS 


[37) 

nai 

UNINS. STRO. HT. 




K*.t 

DIST. BTWN. C L OF STD. 



42a) 

■Ml 

PHASE BELT/ANGLE ] 


40) 

mi 

STATOR SLOT SKEW 



50) 

USE! 

STATOR TEMP °C 


- 

£1) 

• 

RES'TVY STA. COND. • 20 © C 

- 

a. 

< 

5*) j 

1 min 

MINIMUM AIR GAP 

1 

DESIGNER 


o 

59o. j 0 max | 

MAXIMUM AIR GAP 

1 

2ATE 


. fi-01 


REV. A 



































































































































[Cl) Open Slots 


(b) Constant Slot Width 


type 1 

(Type 5 is an open 
slot with 1 conductor 
per slot) 



h — *>» - 1 H 



h~ b * — I 


2 




STATOR 


PERMANENT -MAGNET GENERATOR 


SUMMARY OF DESIGN CALCULATIONS (OUTPUT) 

MODEL — EWO DESIGN MO. 

inta 

SOLID CORE LENGTH 



CARTER COEFFICIENT 

(67) (K,> 


<24) (h c ) 

DEPTH BELOW SLOT 



AIR GAP AREA 

(68) ( - ) 

Q. 

(26) (T«) 

SLOT PITCH 



AIR GAP PERM 

(70.) (A.) 

< 

O 

1 

(27) (7; 1/3) 

SLOT PITCH 1/3 DIST. UP 



EFFECTIVE AIR GAP 

mmsm 

(42) (K. h ) 

SKEW FACTOR 



FUND/MAX OF FLD. FLUX 

IHMUM 

— 

i ^ 

K 

Z 

< 

H 

LC 

(43) (K d ) 

DIST. FACTOR 



WINDING CONST. 



PITCH FACTOR 



POLE CONST. 



EFF. CONDUCTORS 



END. EXT. ONE TURN 

'(48) (L e ) 

mms/m 

COND. AREA 



DEMAGNETIZING FACTOR 

IBIKIil 

C 

0 

(47) (S , ) 

CURRENT DENSITY (ST A.) 



CROSS MAGNETIZING FACTOR 


ixsmm 

1/2 MEAN TURN LENGTH 



AMP COND/IN 

(128) (A) 

UJ 

w 

X 

< 

K- 

U 

< 

UJ 

nr 

(53) (Rph) 

COLD STA. RES. • 20° C 



REACTANCE FACTOR 

029) (X) 

iszaam 

HOT STA. RES. • X C 



LEAKAGE REACTANCE 


(55) (EFtop) 

EDDY FACTOR TOP 



SYN REACT DIRECT AXIS 

REsnftm 

(M) (EFbof) 

EDDY FACTOR BOT 



DAMPER 

— — 

(143) (XDd) 

<42 > (7( 1 ) 

STATOR COND. PERM. 



LEAKAGE REACT 

065) (XD<^ 

(64) </\e) 

END PERM. 



UNSAT. TRANS. REACT 

066) (X’dJ 1 

(45) ( ) 

WT. OF STA COPPER 



SUB. TRANS. REACT DIRECT AX. 

>< 

I CO 
'O 

IUUI 




*UB. TRANS. REACT QUAD AX. 


wmsmm 

POLE PITCH 



NEC. SEQUENCE REACT 

(170) (X 2 ) 1 

(509) P 1 

PERMEANCE IN STATOR 

L_ 


ZERO SEQUENCE REACT 

(172) (X 0 ) 


(510) P 0 

PERMEANCE OUT STATOR 

' - ■ 


TOTAL FLUX 

(88) «t> f ) 

1 

1 

i 

(507) P m 

PERMEANCE MAGNET ^ 



FLUX PER POLE 

(92) (c D ) 

m 

PERMEANCE AIR GAP 



GAP DENSITY 

(95) <Bg) 


WT. OF ROTOR IRON 



TOOTH DENSITY 

(91) (B t ) 

WT. OF MAGNETS 



CORE DENSITY 

(94) (B e ) 

■tttIMMW 

PERIPHERAL SPEED 



SHORT CIRCUIT AMPS 

< 522 >tl. c ) ■ 


*/pt) O02o) POLE FLUX 



(B p ) (103a) POLE DENSITY 


(F8.W) 083) FtW LOSS 



(F&W) (183) 

(W t n j ) (184) STA TOOTH LOSS 



<W rrL ) (242) 

(W c ) (185) STA CORE LOSS 



(W c ) 085) 

(Wpnl) < 1fl6 > POLE FACE LOSS 



(Wp|| ) (243) 

(Wdnl) 093) DAMPER LOSS 



(WdH ) (244) 

<|2R.)(194) STATOR CU LOSS 



<|2 R.) (245) 

( -) (195) EDDY LOSS 



( - ) (246) 

( - ) (196) TOTAL LOSSES 



( - ) (247) 

( - ) ( - ) RATING (KW) 



1 

*- 

co 

( - ) ( - ) RATING & LOSSES 



( - ) (249) 

< - ) ( - ) PERCENT LOSSES 



(-) (250) 

<-) (-) PERCENT EFF. 



( - ) (251) 


VOLTS * 0 LOAD AMPS 


VOLTS * 1/4 LOAD AMPS 


VOLTS • 1/7 LOAD AMPS 


VOLTS • 3/4 LOAD AMPS 


VOLTS # 4/4 LOAD AMPS 


VOLTS • 5/4 LOAD AMPS 


VOLTS * 3/2 LOAD AMPS 



R-03 


REV. B 


























































































DESIGN MANUAL 
FOR 

PERMANENT MAGNET, A„ C. GENERATORS 


INTRODUCTION 

The calculation procedure given here is for only one configuration of 
permanent magnet generators. It is the classical design with 
definite poles consisting of blocks of magnet material. The 
pole heads are designed to support the magnets and are usually 
wider than the magnet blocks. Sometimes the pole heads are 
designed to provide high out-of-stator flux leakage and thereby 
cause the magnet material to stay magnetized at a high level of 
flux density even when air -stabilized. 


R-l 




FIGURE R-l 


R-2 


PERMANENT MAGNET 


The following sketch illustrates the leakage fluxes that are calculated 
in determining the performance of the permanent magnet gen- 
erators covered by this design manual. The formulae and the 
designations for the permeance calculations are taken from 
Strauss "Synchronous Machines with Rotating Permanent Magnet 
Fields Trans. AIEE 1952 Part II, pp. 887-893. Formulae 
from Roter’s "Electromagnetic Devices" a Wiley and Sons book, 
are appended to this report, and can be used to estimate 

permeances for configurations of PM generators different from 
the one discussed in this manual. 


H-3 







When the rotor is magnetized and then removed from the magnetizing 
fixture without a keeper, the magnet flux density will decrease 
to a value determined by the out-of- stator leakage permeance. 
This leakage permeance consists of all of the flux leakage 
permeances of the rotor when the rotor is out of the stator. 

When the rotor is placed in position in the stator, some of the flux 
that leaked from pole-to-pole when the rotor was by itself, 
now becomes useful flux by flowing through the stator iron and 
linking the conductors in the output winding. 


R-4a 




R-5 


Pi = The pole-to-pole side leakage permeance. This leakage exists 
when the rotor is in the stator as well as when it is out and 
is just unuseable leakage flux. 

The formula here is taken from Strauss: 

p i = 3 - 19 A 

°7T y 

for poles that touch at the base, and 

p i jj -Jfih&bik 

for poles not touching at the base. 
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P = the permeance of the flux leakage path from the centerline of 
one pole-head surface to the centerline of the adjacent pole- 
head surface. 

This leakage is part of the out- stator leakage but does not exist when 
the rotor is inserted in the stator. 

P s = 2.03 




FIGURE R-7 



Pf = the permeance of the flux leakage path between the adjacent ends 
of the pole heads. 

This leakage flux is part of the out-stator leakage but no longer exists 
when the rotor is placed in the stator. 



POLE EMBRACE 


FIGURE R-8 

R-10 



FIGURE R-9 



R-ll 


P S 1 = the permeance of the flux leakage path from the underside of 
one pole shoe to the underside of the adjacent pole shoe. 


This leakage is present when the rotor is in the stator and cannot be 
utilized. 


Psl = 


3. 19 

<S 5T’ d r 
P 



2 


6-38 h h / p 
T"r ~ bp 


The formula is an approximation, and is suitable for an estimate of 
the leakage between the pole heads of the usual four, six 
or eight pole design. For high leakage pole tips use as h^j 
the height of the adjacent pole leakage surfaces. See the 
sketch for two examples. 
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SKETCH SHOWING HOW FLUX LEAKAGE CONDITIONS CHANGE WHEN 
EXTENDED POLE HEADS ARE USED. THE ADDED LEAKAGE KEEPS 
THE MAGNET DENSITY HIGH ON THE MAGNET CHARACTERISTIC 
MAJOR HYSTERESIS LOOP BUT THE ADDED LEAKAGE FLUX IS 
NEVER AVAILABLE FOR USE 


FIGURE R-10 



/ / 

/ LEAKAGE 
FLUX 


IEFUL FLUX 


LEAKAGE FLUX 


USEFUL FLUX 






P s 2 = permeance of the flux leakage path from the centerline of the 

end surface of one pole head to the centerline of the end surface 
of the adjacent pole head. 

This leakage flux is continuous and cannot be utilized in generating 
power. 


p s2 = — 7 - P2 where 

/Cp 

P 2 = P s + p f 
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PERMEANCE. 


P3 z the permeance of the flux leakage path from the centerline of 
the end surface of the pole to the centerline of the adjacent 
pole end surface. 

This leakage flux is always present and cannot be utilized. 
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When the rotor is inserted in the stator, the pole-to-pole flux that 
passed through the permeance paths, P s Pf is no longer 
present as leakage flux. That flux now enters the stator and 
becomes useful flux. 

All of the flux passing through the other pole-to-pole permeance paths 
is leakage flux that cannot be utilized. 

Pj = in- stator leakage permeance 

Pi • Po - P2 

For convenience, the leakage permeance consisting of the sum of all 
the permeance paths, through which flux leaks pole-to-pole 
when the rotor is out of the stator is called P 0 = out -stator 
permeance. 

The sum of the pole-to-pole leakage permeance existing when the rotor 
is installed in the stator is called the in- stator permeance (Pj). 

The permeances of the various flux paths have been calculated at this 

point in the design procedure. They could be used just as they 
are used in an electromagnetic generator in which case the mag- 
net characteristics would be plotted in terms of total ampere- 
turns and total magnet flux. This procedure would require a 
special flux plot for each generator design. 
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An easier way to determine the magnet performance is to use the char- 
acteristic hysteresis loop as it is given by the manufacturer. 
This loop is plotted in terms of ampere-turns per inch of mag- 
net and flux- density per square inch of magnet. 

The calculated permeances are already in terms of leakage flux per 

ampere turn and if the permeances are multiplied by the mag- 
net length they can be then used in terms of ampere-turns per 
inch of magnet. 

The leakage flux resulting from the calculation would be divided by mag- 
net area to get the flux per square inch of magnet. 

The calculation would look like this: 

P x x (AT/in) = 

P x (AT/in) _ 

Area of Magnet ~ in2 


P 

Area Magnet " 0/ /in^ 
J* m AT/in 


P = P ; 0/ /in 2 
,/p bp P m AT/in 

bp 


Where P = 

mi 


4> b P 
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The ideal permanent magnet generator might have high flux leakage in 
the rotor when the rotor was out-of- stator and low flux leakage 
when the' rotor was inserted in the stator, except that the machine 
would, in nearly all cases be capable of demagnetizing itself 
when subjected to a transient or short circuit. 

The two following sketches illustrate how a choice is made between 

magnet materials just on the basis of the out-of-stator leakage 
characteristic. 

The in- stator leakage must be considered in determining whether or not 
the generator can withstand short circuits and transients with- 
out loss of properties. 
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MAGNET FLUX DENSITY — KILOLINES PER SQUARE INCH 


COMPARISON OF MAGNET PERFORMANCES WHEN 
THE MAGNETS ARE AIR-STAP T LIZED AT A HIGH 
OUT-OF-STATOR LEAKAGE PERMEANCE 



FIGURE R-14 
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COMPARISON OF MAGNET PERFORMANCES WHEN 
THE MAGNETO ARE STABILIZED AT A LOW 
CUT-OF-ETATOR LEAKAGE PERMEANCE 



FIGURE R-15 


P,M. GENERATOR DESIGN MANUAL 


— 





(1) 

-- 

DESIGN NUMBER 


(2) 

KVA 

GENERATOR KVA 

— 

(3) 

E 

LINE VOLTS 


(4) 

e ph 

PHASE VOLTS 


(5) 

m 

PHASES 

— 

(5a) 

f 

FREQUENCY 


(6) 

p 

POLES 


(7) 

RPM 

SPEED 

— 

(8) 

Z PH 

PHASE CURRENT 


(9) 

P. F. 

POWER FACTOR 


(11) 

1 

d 

STATOR PUNCHING IJD. 


(Ha) 

d_ 

r 

ROTOR OX>. 

— 

(12) 

D 

PUNCHING OX). 


(13) 

X 

GROSS STATOR CORE LENGTH 


(14) 

n v 

RADIAL DUCTS 

— 

(15) 

by 

RADIAL DUCT WIDTH 


(16) 

iq 

STACKING FACTOR 


(17) 

L 

SOLID CORE LENGTH 

— 
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MATERIAL - This input is used in selecting the proper mag- 
netization curve for stator lamination material 
and for rotor head laminations when used. 

Separate spaces are 

provided on the input sheet for each section men- 
tioned above. Where curves are available on card 
decks, used the proper identifying code. Where 
card decks are not available submit data in the 
following manner: 

The magnetization curve must be available on semi- 
log paper. Typical curves are shown in this manual 
on Curves F-15&F-16. Draw straight line segments 
through the curve starting with zero density. Re- 
cord the coordinates of the points where the 
straight line segments intersect. Submit these 
coordinates as input data for the magnetization 
curve. The maximum density point must be sub- 
mitted first. 


Refer to Figure below for complete sample 



Ampere Turns Per Inch 
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k 


WATTS/ LB 
DENSITY 


(19) 

(20) B 

(21) - - TYPE OF STATOR SLOT 

(22) - - ALL SLOT DIMENSIONS 

(23) Q STATOR SLOTS 

(24) h c DEPTH BELOW SLOTS 

(25) q SLOTS PER POLE PER PHASE 

(2 6 ) p'g STATOR SLOT PITCH 

(27) p g 1/3 STATOR SLOT PITCH 

(28) -- TYPE OF WINDING 

(29) — TYPE OF COIL 

(30) n s CONDUCTORS PER SLOT 

(31) y THROW 

(31a) - PER UNIT OF POLE PITCH SPANNED 

(32) C PARALLEL PATHS 

(33) — STRAND DIA. OR WIDTH 

(34) N st NUMBER OF STRANDS PER CONDUCTOR IN DEPTH 

(34a) N g T NUMBER OF STRANDS PER CONDUCTOR 

(35) d b DIAMETER OF BENDER PIN 

( 36 ) J?e2 COIL EXTENSION BEYOND CORE 

(37) h ST HEIGHT OF UNINSULATED STRAND 

(38) h g-p DISTANCE BETWEEN CENTERLINES OF STRANDS IN DEPTH 
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k 


(39) 

-- 

(40) 

^SK 

(41) 

r P 

(42) 

Ksk 

(42a) 

- - 

(43) 

Kd 

(44) 

*p 

(45) 

n e 

(46) 

a c 

(47) 

S S 

(48) 

l E 

(49) 

L 

(50) 

x s °c 

(51) 

f* 

(52) 

^t) 

(53) 

^PH 

(cold) 

(54) 

R SPH 

(hot) 

(55) 

EF 

(top) 

(56) 

EF 

(bot) 


STATOR COIL STRAND THICKNESS 
SKEW 

POLE PITCH 
SKEW FACTOR 
PHASE BELT ANGLE 
DISTRIBUTION FACTOR 
PITCH FACTOR 

TOTAL EFFECTIVE CONDUCTORS 

CONDUCTOR AREA OF STATOR WINDING 

CURRENT DENSITY 

END EXTENSION LENGTH 

1/2 MEAN TURN 

STATOR TEMP °C 

RESISTIVITY OF STATOR WINDING 

RESISTIVITY OF STATOR WINDIN' 

STATOR RESISTANCE/PHASE (also CALLED R a ) 

STATOR RESISTANCE/ PHASE (also called R a ) 

EDDY FACTOR TOP 

EDDY FACTOR BOTTOM 
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(57) 
(57a) 

(58) 

(59) 
(5%) 

(60) 
(61) 

(62) 

(63) 

(64) 

(65) 

( 66 ) 
(67) 



STATOR TOOTH WIDTH 1/2 way down tooth in inches - 
STATOR TOOTH WIDTH 1/3 distance up from narrowest sect 
TOOTH WIDTH AT STATOR I.D. in inches - 

MINIMUM AIR GAP in inches 
MAXIMUM AIR GAP in inches 
RE DUCTION FACTOR 

FACTOR TO ACCOUNT FOR DIFFERENCE in phase current 
in coil sides in same slot 

CONDUCTOR PERMEANCE 

L EAKAGE REACTIVE FACTOR for end turn 

END WINDING PERMEANCE 
WEIGHT OF COPPER 
WEIGHT OF STATOR IRON - in lbs. 

CARTER COEFFICIENT 
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( 68 ) 


AIR GAP AREA 


(69) g e 

(70) Aa 

(71) C, 

(72) C w 

(73) C p 

(7 4 ) C M 

(75) C q 

(76) - 


EFFECTIVE AIR GAP 

AIR GAP PERMEANCE 

THE RATIO OF MAXIMUM FUNDAMENTAL of the field form 
to the actual maximum of the field form 

WINDING CONSTANT 

POLE CONSTANT 

DEMAGNETIZING FACTOR 

CROSS MAGNETIZING FACTOR - quadrature axis 

POLE DIMENSIONS LOCATIONS 
Where: 

= width of pole head 
^ = width of pole body (i*w<»net) 
h^ = height of pole head at center 
hp = height of pole body C/'ftAfrwer') 

^p = length of pole body (*A6 *J£t) 

= length of pole head 

all dimensions in inches 
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(77) 

oc 

(79) 

a 

P 

(80b) 

hi 

(81b) 

i 

(82b) 

hi 

(88) 

0 T 

(91) 

B t ! 

i 

(92) j 

Op i 

i 

(94) 

B 1 

c 1 

(95) 

B | 
. g 

(96) 

F 

g 

(97) 

f t 

(98) 

F e 

(98a) 

F s 


POLE EMBRACE 
POLE AREA 

POLE SIDE LEAKAGE PERMEANCE 
POLE TIP LEAKAGE PERMEANCE 

POLE END LEAKAGE PERMEANCE 

TOTAL FLUX IN KILO LINES 
TOOTH DENSITY in Kilo Lines/'in 2 
FLUX PER POLE in Kilo Lines 
CORE D ENSITY in Kilo Lines/in 2 

GAP DENSI TY in Kilo Lines/in 2 
AIR GAP AMPERE TURNS 
STATOR TOOTH AMPERE TURNS 
STATOR CORE AMPERE TURNS 
STATOR AMPERE TURNS, 
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(100a) 0£ LEAKAGE FLUX - at no load 
(102a) 0^ TOTAL FLUX PER POLE - at no load 

J 

(lOSajB-n POLE DENSITY B pX °P - (92) 

P "^P 179) 

(128) A AMPERE CONDUCTORS per inch 

(129) X REACTANCE FACTOR 

(130) LEAKAGE REACTANCE 

(135) — DAMPER SLOT DIMENSIONS 

(136) ! — DAMPER BAR DIA OR WIDTH in inches 

(137) DAMPER BAR THICKNESS in inches - Damper bar thickness 

considered equal to damper bar slot height (h^ ) per 
item (135) Set this item = 0 for round bar. 

( 138 ) NUMBER OF DAMPER BARS PER POLE 

(139) / b DAMPER BAR LENGTH in inches 

(140) DAMPER BAR PITCH in inches 

(141) RESISTIVITY of damper bar @ 20°C in ohm-inches - Refer to 

table given in item (51) for conversion factors. 

(142) X D °C DAMPER BAR TEMP °C - Input temp at which damper losses 

I are to be calculated. 
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(143) 

A) 

RESISTIVITY of damper bar @ X^°C 



(hot) 



(144) 

a cd 

CONDUCTOR AREA OF DAMPER BAR 

- 

(145) 

V 

r 

PERIPHERAL SPEED 


(157) 

— 

WEIGHT OF ROTOR IRON 


(158) 

A b 

PERMEANCE OF DAMPER BAR 


(159) 

>pt 

PERMEANCE OF END PORTION OF DAMPER BARS 


(161 


ROTOR LEAKAGE PERMEANCE 


1 

(162) j 

Uld 

PERMEANCE OF DAMPER BAR - in direct axis 


(163) 

X Dd 

DAMPER LEAKAGE REACTANCE in direct axis 


(164) 

/? ~Dq 

PERMEANCE IN QUADRATURE AXIS 

i 

' 

— 

(165) 

X_ 

Dq 

DAMPER LEAKAGE REACTANCE - in quadrature axi;> 


(168) 

M 

x d 

SUBTRANSIENT REACTANCE in direct axis 

— 

(170) 

X 2 

NEGATIVE SEQUENCE REACTANCE - 

— 
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(183) 

F&W 

FRICTION & WINDAGE LOSS 

(184) 

W TNL 

STATOR TEETH LOSS - at no load. 

(185) 

W c 

STATOR CORE LOSS - 

(186) 

w 

NPL 

POLE FACE LOSS - at no load. 

(187) 

K i 


(188) 



(189) 

*3 


(190) 

K 4 


(191) 

K 5 


(192) 

“e 


(193) 

W DNL 

DAMPER LOSS - at no load at 20°C 

(196) 


TOTAL LOSSES - at no load. 
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(242) 

W 

TFL 

(243) 

w 

PFL 

(244) 

W DFL 

(245) 

i 2 r 

(246) 

— 

(247) 

-- 

(248) • 

-- 

(249) 

* 

(250) 

-- 

(251) 

— 


STATOR TEETH LOSS at 100% load 
POLE FACE LOSS at 100% load 

DAMPER LOSS at 100% load 

STATOR I 2 R at 100% load 

EDDY LOSS 

TOTAL LOSSES at 100% load 
RATING IN KW at 100% load 
RATING & I LOSSES 
% LOSSES 

% EFFICIENCY 
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The pole-to-pole side leakage permeance. This leakage 

« — m* 

exists when the rotor is in the stator as well as when 
it is out and is just unuseable leakage flux. 


The formula here is taken from Strauss: 

For poles that touch at the base or (a£) 2 
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(501) | aj Distance between outer edges of adjacent pole sides 

S1 ' 2 ( ’ <S> " <h| 3 <an (FJ " CO! $7) 

(502) j a 2 | Distance between inner edges of adjacent pole sides 

a2 " 2 (jp 1 ' (g) ' (hh> " ( V] tan & ‘ ^_} cos (?y) 

* 2 ([pT 1 - (59) - < 76 > - < 7 «) tan $ - cos -fr j 

(503) P 2 Permeance of the flux leakage paths from pol e-head surface to 

pole- head surface and between adjacent pole he ad edges. This 
j flux leakage is out-stator leakage that becomes useful flux when 

the rotor is installed in the stator. 

r-34 





(503) 


(Cont’d.) 


P 2 = 1.66 


= 1.66 


i + i . 23 

— 3 ^ttwI (76) 


(504) 


The permeance of the flux leakage p ath from the centerline 
of the end surface of the pole to the cen terline of 
the adjacent pole end surface. 


P 3 ■ <hp) !• 


66 


-2 3 ^( 1+ gin m 


= (76) 1.66 


1 •+'1.23 §jn 


1+ 




(501) (502) 

"(761 176)" 


(505) 


! *sl 


The permeance of the flux leakage path from the underside 
of one pole shoe to the underside of the adjacent 
pole shoe. This leakage is present when the rotor 
is in the stator and cannot be utilized. 


6. 3 8(h h ) (/ p ) 

= <?p> - <y 


6. 38 (76)(76) 

(41) - ■ W 
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Cont'd. 


The formula is an approximation, and is suitable for an 


estimate of the leakage between the pole heads of 
the usual four, six or eight pole design. For high 
leakage pole tips use as h h the height of the 
adjacent pole leakage surfaces. See the sketch 


for two examples. 



SKETCH SHOWING HOW FLUX LEAKAGE CONDITIONS 

T-wr' N /P E WHEN extended pole heads are used. 

LEAKAGE KEEPS THE MAGNET OPERATING 
AT A HIGH MAGNET FLUX DENSITY 








( 506 ) 


(507) 


(508) 



Permeance of the flux leakage path from the centerline of 
the end surface of one pole head to the centerlin e 
of the end surface of the adjacent pole head. 


This leakage flux is continuous and cannot be 
utilized in generating power. 

p = 2 2(76) (503) 

(ip> < 76 ) 


m 


Adjustment factor to convert the permeance values to the 
proper scale for use in the general hysteresis loop. 


magnet area (net) 
m " magnet length 


. C/ p ) (b p ) (C) 

2 <V 


(76) (76) (508) 

2T7B) 


C is a factor to account for holes that reduce magnet area 
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(509) | 


(510) 


(511) 


(512) 


(513) 


P ; 


Permeance of the in- stator leakage flux. 


Pi = P s l' 1_ Ps2 + 'Pl + P3 

= (505)+ (506) -j- (500) + (504) 


Permeance of the out -stator leakage flux. 


Po = Pi + P 2 

= (509) + (503) 


g 


Air-gap permeance. 


p : 3. 19 3f /. 

8 2 8e P 


X 


. 785 A a C p / = . 


785 (70c)(73)(13) 


£o 

Pm 


Slope of the out- stator permeance shear line 


£o _ (510) 
P m "(5071 



Slope of the in- stator permeance shear line 


P i _ (509) 
(507) 
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( 514 ) 


Total apparent permeance of the working air gap. 


The total per- 


w 


meance of the magnet flux paths when the rotor is in the stator. 

Pw = p i t p g 
= ( 509 ) * ( 511 ) 


( 515 ) 


w 

> 

m 


Slope of the working- gap shear line. 


w 


m 


( 514 ) 

( 507 ) 


( 516 ) 


Arp 


The ampere- turn/ inch of magnet value corresponding to 

the intersection of the she ar line with the 

Pm 

major hysteresis loop of the permanent magne t 
material. 


Th€ value At locates the lower end of the minor hysteresis 

loop and determines the maximum demagnetizing 

mmf that the magnet can endure without some 

loss of magnetic properties. Several curves 

of At versus out- stator shear line values P° 

p m 

are given in Curves F-17, F-18, F-19. 



(516) 


cont 'd 


This computer program will determine A-p from a curve 
Po 

of--— VS Arr,. This curve must be submitted on an auxiliary 
Pm T 

input sheet in the same form as outlined in in item (18) in the 
master design manual. For example: 



Sample input data for 
curve of ALNICO VI 


Po 

Pm 

Arp 


1500 

20 

1250 

32 

1100 

35 

1000 

85 

640 

130 

500 

150 

385 

187 

315 

257 

280 

340 

200 


AM^PE TURNS 
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(517) E nl The no load voltage produced by the unregulat ed PM gen- 

erator at rated speed. 
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(519) Ajj Ampere tur ns per inch of magnet — the value 

corresponding to the intersection of the shear line 



loop having slope ■ h 



(519a) h Slop e of hysteresis loop in PM material 

(520) Ai Ampere turns per inch of magnet — the value that 

corresponds to the intersection of the minor hysteresis 
loop and the shear line P w /Pm 



(515) -f (519a) 
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( 522 ) 


The current per phase flowing when all p hases are 
shorted together at the machine terminals. 



ENL [a x -Ai- 

\l ^ ' (x £ ’Sh*. 


- (517) 1,(519) - (520) - (522) J 
(53)2 - 

loo (t£) 

H ^j , .45 (C m )(N e )(l’) Kj 

Php 

l'sc H’jjj must be solved for simultaneously. 
For the first trial assume I* = 2 Ip^ where 
Iph = Rated Amps. Then 

Hji = . 45(7 4) (45) (43) 2(8) 


16)(76) 

for the first trial. Compare I’sc calculated 
with the value of I * assumed for H . 

ffisc 8 jl~*~ assumed + .05 ill the calculation 
is completed. If I sc £ .05 3 try a 


new value of 


I" = I’ 


SC ” 


T * 

1 SC - I 


and repeat until ljgc 8 i" 4 .05 i" 
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(523) 

^(ohms) 

(523a) 

^d percent 

(525) 

e FL 


Wioo) 

®ph 


(523) 


x 100 


The voltage supplied to the load at rated current, 
rated speed, and at a specified power 
factor. 




Efl = Enl Cos B - 


I Xd - I R a Tan 9 


Cos (90° 


— IR _ 

P. F. 

O' = Cos -1 P. F. 

Efl 3 ( 51? ) cos ( 525 ) - (8) (523) -(8) (53) Tan(525) 



(526) 


efl 

4 


Voltage supplied at 1/4 rated current, at rated 
speed and specified P. F. 


(527) 


E FL 

2 


(528) 


EFL3 


This is a repeat of calculation item (525) 
substituting 1/4 for L 

The voltage supplied at 1/2 rated current, at rated 
speed and specified P. F . 

This is a repeat of calculation item (525) 
substituting 1/4 for L 

The voltage supplied at 3/4 rated current, at rated 
speed and specified P. F. 


This is a repeat of calculation item (525) 
substituting 1/4 for I. 



(529) 

e FL5 


4 

(530) 

e FL3 


2 


The voltage supplied at 5/4 rated current, at rated 
speed and specified P. F. 

This is a repeat of calculation item (525) 
substituting 1/4 for L 

The voltage supplied at 3/2 rated current, at rated 
speed and specified P. F. 

This is a repeat of calculation item (525) 
substituting 1/4 for L 
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Equivalent Circuits 


Introduction 

In the statement of work describing this study, an equivalent circuit is 
requested. The description in part reads: "The circuit and parameters 
chosen and evaluated should be capable of completely describing both 
steady state and transient performance including various overloading 
and short-circuit capabilities. " 

"Parameters for the equivalent circuit are to be derived and evaluated. " 
"Transfer functions and time constants are to be derived and evaluated. " 

"All applicable reactances are to be derived and evaluated e. g. , syn- 
chronous, positive and negative sequence, transient and subtransient, 
direct and quadrature axes, armature, leakage, armature reaction, etc. " 

This section contains a derivation of an equivalent circuit submitted to 
satisfy the requirement for a circuit describing steady state and transient 
performance. The circuit also describes the performance of the generator 
when subjected to unbalanced loading. 

The derivation of the equivalent circuit described here is the work 
of Liang Liang. 


s-i 


Overloading, short-circuit capabilities, time constants and reactance 
are derived and calculated elsewhere in the study. 

The equivalent circuits themselves are on Pages 31, 33, 72 and 73. 
The symbols are on Pages 2 and 3. Derivations and explanations are 
given step-by-step. 
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Nomenclature 


Symbol 


r 

- 

torque 

R 

X 

- 

distance 


sr 

- 

velocity 

em 

F 

- 

force 

d 

e 

- 

voltage 

q 

i 

- 

current 

a 

V 

- 

flux linkage 

f 

UJ 

- 

frequency in rad/sec 

md 

R 

- 

resistance 

mq 

L 

- 

inductance 

Dd 

e 

- 

power factor angle 

Dq 

X 

- 

reactance 

g 

p 

- 

power 

a£ 

j 

- 

moment of inertia 

a 

D 

- 

damping factor 

o 

K 

- 

conversion constant 

s 

f 

- 

frequency in cycles per sec 

t 

P 

- 

number of poles 

L 

M 

- 

mutual inductance 

a 

N 

- 

turns of winding 

b 

z 

- 

impedance 

c 

s 

- 

Laplace operator 

A 

G(s) 

- 

transfer function 

B 


Subscript 

- resultant 

- reference frames 

- electromagnetic 

- direct axis 

- quadratic axis 

- armature 

- excitation field 

- direct axis magnetizing component 

- quadratic axis magnetizing component 

- direct axis damper bar 

- quadratic axis damper bar 

- generator 

- armature leakage 

- field leakage 

- zero sequence 

- shaft 

- terminal 

- load 

- ) 

) 

- ) phases 

) 

) 

load of phase 
load of phase b 
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Symbol 


Subscript 

f(s) 

- power density spectrum 

c 

- load of phase c 

f(t) 

- correlation function 

i 

- input 

T 

- time constant 

ab 

- between phase a and b 

A 

- amplifier 

be 

- between phase b and c 

C 

- capacitor 

ca 

- between phase c and a 

SJ 

- summing junction 

r 

- rated 

t 

- time 

fb 

- feedback 

E(s) 

- voltage 

g 

- generator 

a 

- error signal 

e 

- excitation 

-o>- 

- integrator 

ss 

- steady state 

—O' 

- operation amplifier 



E>0 

- multiplier 



& 

- square root 



O 

- potentiometer 



-O- 

- high gain amplifier 



du 

- square 



X 

- state vector 



m 

- control vector 



n 

- disturbance vector 



A 

- coefficient matrix 



B 

- driving matrix 



Exp 

- exponential 




- natural logarithm 



s 

- sensitivity 
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I FUNDAMENTALS 


1. Assumptions 

(a) Symmetrical three phase, delta or Y- connected machine with 
field structure symmetrical about the axis of the field winding 
and interpolar space. 

(b) Armature phase mmf in effect, sinusoidally distributed. 

(c) Magnetic and electric materials are rigidly connected. 

(d) Neglect eddy current in armature iron. 

(e) Neglect hysteresis effect. 

(f) Neglect magnetic saturation (optional). 

(g) Rotor considered as stationary reference frame. 

(h) Parameters are time invariant. 


2. Classical Approach 

For all electric machines, the dynamic equation of Lagrange applies 
(in tensor): 


r° c = —fllA -kie. . 


(1) 


The stator and the rotor of the machine are considered as reference 
frames respectively. The holonomic expression has to be transformed 
into unholonomic before the two- reaction theory can be applied. That 
is, to choose an arbitrary frame (stator or rotor) as stationary and 
the other considers it as reference. Thus - 


T* 




o/t 




9JL« 


= /2c£-££f)r* r' 


5 V— C £ v 




( 2 ) 
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non-holonomic object 
transformation tensors 

The complexity in solving the problem directly is obvious; there- 
fore, other approaches are used. 


L « . V 


3. Basic Equations 


By means of the two- reaction method and by choosing the rotor as 
the stationary reference frame, the representation of the dynamic 
behavior of synchronous generators can be written in set of 
ordinary equations. The reference frame is resolved into direct and 


quadratic axis. 

Armature - 

~ "~R*. f d i~ OJ£. (3) 

**= -*+h+zr% + { Vji < 4 > 

* €< f (5) 

^ — L yrtj l-f ~~ (j-^o t +■ ^ 

Vj. = (7) 


Field - 



( 9 ) 


Yf. — (j-^4 &)l$. “ l~)rt\ek f'd f ' L Pd 


Damper bar - 


e t>cL i£>j + foj -O 

(10) 

- /r^ t . ± - o 

(11) 

”■ l-tnd i~f- ~ V" C^- D ~L^j L Oat 

(12) 

it> ^ 

(13) 

Zero sequence - 


e.-- R ^ + A t 

(14) 

~ ~L 0 i - 0 

(15) 

Electromagnetic torque - 



(16) 
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4. Simplification 


If detailed accuracy is not essential, it can be traded for simplifi- 
cation. Damper bar, armature resistances and leakage reactances 
have relatively small effects on voltage, current and phase relation- 
ship in a normal steady state operation. Therefore, they can be 
ignored. 


- £#• *• p v " V-s- 

(17) 


(18) 


(19) 


(20) 

H 

(21) 


(22) 


(23) 


Additional simplification can be made in a situation where only the 
steady state condition of a synchronous generator is considered in 
a complex system. Since all the time dependent variables become 
constant as the transient settles down, their rates of change approach 
to zero. A set of algebraic equations is derived below. 


s-io 



i ^ 

€ oL ~ m#- 

- tfot **>£, 

tyf. — ^-/r>U ( if ~ ifl ) 

f*-Y* 


( 24 ) 

( 25 ) 

( 26 ) 

(27) 

( 28 ) 


*t ~ ^**r *■ tr ( 29 ) 

* * • Aft 

1 '** = % i %'~ ( 30 ) 


5. Inputs and Outputs 

(a) Most literature in discussing the synchronous generator choose 
e frequency u ) g and the field excitation voltage ef as inputs 
and the terminal voltage which is resolved into two- axis components 
as outputs. They are applied to the balanced loads wllle the direct 
<£nd quadratic currents feedback to the generator* 
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Balanced load simulation 


B; should be recognized that the functions of e d , e q , and i^, 
iq can be reversed. 

(b) For a more detailed representation, electric-mechanical 
relation can be included. Thus, the fluctuations of the 
frequency and of its dependent variables can be observed. 
Otherwise, the shaft speed ws has to be assumed well 
regulated to stand against any disturbance. Consider the 
shaft is rigid. 
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( 33 ) 




P . CO<; 

A so 


Where pi is the input power, Yi input torque, and P, number 
of poles. 

The moment of inertia J should include that of the prime mover. 
The damping factor D is a non-linear element which consists of 
mechanical losses like friction and windage. The latter is pro- 
portional to square of shaft speed w s . 

(c) The power supply for the field excitation of a synchronous 
generator ideally comes from a battery. In practice, it is 
either from a DC generator or by means of static excitation 
for the purpose of regulation. 

(i) The transfer function of the output voltage and the ex- 
citation voltage of a DC generator in frequency domain 
is 


£2 _ Kar . — 



( 34 ) 


Fla. 6 


DC generator 
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(ii) Static excitation for synchronous generator becomes 

widely accepted for obvious reasons like faster response 
and the elimination of rotating excitation machine. A 
typical approach is stated as follows: Excitation is pro- 
vided to the generator from load currents through current 
transformers and rectifiers. The voltage regulator plays 
the role of no-load excitation and regulation of terminal 
voltage under different load conditions. 

Such a method can be applied, for instance, for a two- coil 
Lundell generator with both the armature and the field 
stationary. 
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( 35 ) 


L f - " 

(35a) 

'C. 

V" 

(1 

tS 

t 

(36) 

l 5-T~ Ki u 

(3 7 ) 

%-T - (/.hJ. +/.$%) 

(38) 


(d) For a detail study of synchronous generator, unbalanced load 
simulation is suggested. The affects of all kinds of faults due 
to the load can be pictured simply by adjusting the load para- 
meters. Balanced load condition is only a special case. The 
major feature of an analog simulation is to convert DC re- 
presenting voltages of e d and e q into three phase AC components 
ea, ejj, and e c which are applied to the unbalanced load. The AC 
components i a , i b , and i c are converted back into DC level before 
feedmg back to the generator. Certainly the price to pay for is 
complexity. 



8 Unbalanced 
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6 . Conversion 


For the unbalanced load simulation, the direct and quadratic output 
voltages of the generator have to be converted into corresponding 
three phases before applying to the load. Similarly, the currents 
from the load have to be converted back into direct and quadratic 
components before returning to the machine. 




- 


<ZL = e^i 5c n * -5 
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The load is normally expressed in Y-connection. If delta load is 
used, proper connection of load can be made as in the analog 
simulation or convert them into Y-connection by using the follow- 
ing equations: 



Fig. 9 Delta to Y-connection conversion 


S’*. - 

ZcJ. ^ ZU Z « 

(46) 

b ~ 

^ 2? he- 

# 


(47) 

ZZ r . 

Zbc. 


Z— c. 

V- 2 6c ~' h ' 

(48) 


7. Load 

(a) Balanced load - 

Balanced load can also be resolved into two- axis, direct and quad- 
ratic components. Only the resistive and inductive load are 
considered. 
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( 49 ) 


sj- R 


L ~h dt,cX J 

cH= 




e-t - Rt.iy* U-±X +L L i A ^ 


(50) 


The load can be expressed in another form. 

Sin-& 


: , _ c.*s & 
cj — 


>zJ 


)Zj 


V 


(51) 


f ~ IZc'l ^ 


c»s& 


isir 


(52) 


IzJ - 


(53) 




(54) 


Thus, the load is governed by the power factor, or vice versa. 

(b) Unbalanced load - 

Again, only resistive and inductive load are considered. However, 
mutual inductances among the loads are included. 


-A 


oi Li 




LC 


CA_ 


4 + 






d 


e c - rfc ^ +-lc. ~/» bc Aj± -M ca 


(55) 


(55a) 


(55b) 
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8. Parameter 

All the machine parameters are practically time invariant. Their 
derivations can be found in the enclosed design manual or other 
standard texts on synchronous generator. Usually inductive re- 
actance are given. To obtain the absolute inductive value, divide 
the reactance by the rated generator frequency. The unit of 
frequency should be in radians per second. The direct and the 
quadratic reactances computed from the design manual have taken 
care of whether the armature winding is Y or delta- connected as 
well as the number of pole pairs. 

9. Time constants 


Direct- axis open- circuit transient time constant 
~~r~^ i _ 2 -fjZ A. 

Direct-axis short-circuit time constant 




l'J. 


where 




(56) 


(56a) 


(56b) 


t-'j. -LJI+- 


Z >»i<^ L {_£ 


(56c) 


With external inductive load, the direct-axis short-circuit time constant 
is adjusted to - 

f ) 2— <2 l~L oL 

^ Zj 7l l ' iJm, (57) 


There is no definite formula to compute the direct-axis short-circuit 
subtransient time constant. Usually it is obtained from measurement. 
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er 


-\ — 


\ 


<2- ”S o ~t f* f 0K 7 'JL 


3, s i e 

f*r 


Fig. 10 Short circuit transient time 

constants measurement 
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10. Non- Linear Elements 


(a) The basic equations - 

etc. , are non-linear. The non-linear term u> q Ufg in this 
equation is introduced because of the transformation from 
holonomic reference frames into non-holonomic. 

(b) Magnetic saturation - 

It is an inherent property of magnetic material. Usually for 
the design of generators a steel of low retentivity is used. 
The hysteresis loop is narrow and thus its effect can be 
neglected. An average saturation curve can be used to 
describe the characteristics of the magnetic path. 



Fig. 11a 


Magnetization curve 
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The average magnetization curve can also be expressed in 
terms of e* and if 



Fig» lib Magnetic saturation approximation 


The compensation c f versus the terminal voltage ef is derived 
from the difference between the air gap line and the no- load 
saturation curve. 

Further approximation can be developed by assuming X. mq in- 
dependent or saturation (corresponds to path mostly in air). 

Only jk, m( j varies with the flux. As the generator starts to 
saturate, mc j changes accordingly. This can be approximated 
by adding a factor to if by the amount proportional to the 
difference between the air gap line and the no-load saturation 
curve. If the operating point is below the knee of the curve, a 
linear relation can be assumed. 

(c) Mechanical elements - 

As in the more detail simulation, the mechanical relation between 
the prime mover and the generator is included. 

(i) If gear is used for coupling, there will be backlash. 
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(ii) Sometimes a mechanical damper is used to eliminate the 
mechanical resonance near the low speed end. 



(iii) The windage and friction loss is proportional to the 
square of the shaft speed. 
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11. Linearization 


In the basic equation 

e <L~ ~ R*- LJ - ^ ~ “fr % 

the non-linearity is introduced by the product ot two time varying 
functions g and q. Since all the variables are continuous 
functions of time and are likely to be monotonic, linearization is 
possible. For small increment of change, the equation can be 
written in a linear form. (Derivation is in section II- 2. aJ g, 
etc. , are steady state values.) 

^ a oL = <•<) + (A - Vj , (A - Zj^. (A (58) 

For constant drive generator, A ujg - o 

(59) 

To compare with the original equation by setting g = ^g, the 
choice of magnitude of the increments for accuracy becomes obvious. 
Indeed they can be simply expressed as - 

eU " '**• ^ -Jj. tU.-'Z’j. Yfr (60) 

Another alternative is that the flux linkages are kept constant. Thus 
all currents are invariant. Neglecting R^, 




(61) 


the voltage will be directly proportional to the generation frequency. 

However, when the change A g and are considered simul- 

taneously, the constraints of the increments are imposed. A larger 
value of increment will sacrifice the accuracy. Since a steady state 
value of u> g has been chosen as the coefficient of A ^ q, on the 
other hand, A uo g is time varying and its relatively large change 
will make oJg invalid. Similar argument applies to the term W" q 
(A wq) and other related equations. 
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The linear transfer relations are: 



gig- 15 


(a) Constant speed (b) Constant flux linkage 

12. Per unit system 

It may be convenient for some individuals to use per unit system in- 
stead of absolute value. 


Quantity in per unit = actual quantity 

base value of quantity 

(62) 


(63) 

“ • 

(64) 

^ 

*ba.se ' "77 

(65) 

Power density spectrum 



If the input is in power density spectrum form and the generator is 
linearized and expressed in frequency domain as G(S) and its con- 
jugate G(-S) 


_7 0 o & = <5^=0 G (-*) cj> U & (66) 

assuming the input and output spectrums are autocorrelated. The 
output can be converted into mean square value, say of et. 
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- <P°° (°) 


l-t ■ 

~J G & 6 £i> sE - ■ OdJ: 
—00 *' L 


The evaluation can be implemented analogously or by using the 
table of integrals which can be found in many advanced control 
engineering texts. 





14. Faults 


Faults are restricted to the load. They may be line to line, line 
to neutral, etc. In the unbalanced load simulation, the faults 
can be pictured simply by appropriate arrangement or by adjust- 
ing the load parameters of the corresponding phase. For 
example, if phase a is shorted to neutral, set Ra - 0; 

l a ■ °* 


When it is open, theoretically Ra and La become infinity. In 
computer practice they can be set many orders larger than the 
normal value. Use the same tactic as inccases like 1 / la., 
while La is zero. 


15. Converter 


In the unbalanced load simulation, converters are required to 
generate Ul 0 , «~Ugt and Sin ui gt as functions of <-ug. (Refer 
to eqns. (39) - (43) ) By Laplace transformation 


x r~ 





A 


(68a) 


<5C r s*** 



S 1 ■+- 


B 


A 



■ s 


(68b) 


(68c) 


The analog simulation - 
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16. Minimum Time Starting 

It has been proved theoretically that switching control can achieve 
the minimum time for a system to reach its steady state value 
after a step disturbance. Due to the inherent defect of physical 
components like deadband and frictions, dual-mode control is 
suggested. That is, the switching control takes care of large 
error signal while the linear control takes care of the small 
error signal in the feedback control loop to generate the mani- 
pulated input, say excitation voltage ef for the synchronous 
generator. (Constant shaft drive) 
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To start a synchronous generator, considering the shaft drive 
has assumed its constant speed, the reference as a step function 
is applied. The optimum switching boundary computer recognizes 
the zero initial state and the final state from the reference signal 
and decides the switching points according to the orders of 
dynamics of the plant. (For an order linear time invariant 
controllable system, with poles real and non-positive, requires 
no more than n-1 switchings and an initial-on and a final-off 
operation to reach final steady state in minimum time.) When 
the error signal falls within the dead-band of bang-bang con- 
troller, the linear control takes over. 

AMPUTUTE 



18& Second order system step function response 
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17. Modem Control Formulation 



X - state vector 
TV, - control vector 
T\_ - disturbance vector 

_ For a stationary process, the dynamic characteristics are - 

X CO - A XCO 4- B> IDCO + JQC-i-) (69a) 

* 

X - differential state vector 
A - coefficient matrix 
B - driving matrix 

The solution will be - (from initial state at time t Q to final state at t ) 

iay Exp a a-bo) i c<r°) 

'L C 6 is )+aCoJc/z < 69b > 

“ Exp: Exponential 
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n BALANCED LOAD 


1. Analog Simulation 

Use the basic synchronous generator dynamic eqs. (3) to (13), (16) 
and balanced load eqs. (51) to (54). The operating frequency is ab- 
sorbed into the reactances such as jC md - tOrLmd where uJ r 
is the rated frequency. Per unit system is used. After some mani- 
pulation, a block diagram is concluded in Fig. I where 


"TqjI - 4-X Del 

R_ Del 


(71a) 


Toe. - X tv>q 

Ro<| 


(71b) 


For the same of convenience, Laplace operator S is used for differ- 
entiation while 1/g, for integration with initial condition, equals to 
zero. Magnetic saturation is approximated. 


The inputs to the generator are frequency 60 g and excitation voltage ef. 


The transfer functions appear in the block diagram. 

v ^ IjZ-oJL Xd4 "1 


s/ 

) (72^) 

M-Tbot- Vjr 


H CL (3) - Ro. 4- 


iu 

UJ r* 




Xa«+- 


Xr*o, X 


- DO. ^ c 




v, 


tor 


J Xmd+-XD^ i-i-TD^y (7 2t) 


. 'cur 


DolOvK — - -U XV A . s/pjr 

Xmd-l-XDcl Xwdl^-Xbdl 1 -V-TdoL " 

D* = XaX X °fr + 


(Tic) 


u) r 


Lc^ = -% -v-S_.-2£k 

* r 31 


Xrn fr +Jt - D fr 

(we) 
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The analog computer simulation is in Fig. n. Notice the difference 
between the circuit representing the first order transfer function 
and the differentiator. 


Rfb 



^ OUT . _ CRf b QS 


Fig. 20a First order transfer function 



£ our 
£ I si 


-CRftC'H 


Fig. 20b Differentiator 


o 

OUT 


( 73 ) 




load SWITCH 
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The basic values of the components in the presenting analog 
computer are: 





OUT 


UT g £b 

^ IN g ^ (75) 


Fig. 21 

fb - 100 K resistor 

^ i - 100 K resistor 

for an operational amplifier with unity gain. While 

Zfb a 10 microfarad capacitor 
£ i - 100 K resistor 

for an integrator with unity gain and a time constant of one sec. 
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Pot. No. 
2 

7 

8 
9 

10 

11 

12 

14 

15 


Variable 


Scaling constant 


Xmft. ^ <Q~ Z 



T °% 



lOHX^Jt-Xod) 


X«i + — m< t Xo fr 

X + Xoj, 

r^=i=. AT O 7^ P P 

(StJ 53 KR 


Ru 

|2t_\ 


AT 0-7B P.R 


"X, nrt^cj 


2 . 


Setting 

0.2 

0.253 
0.318 
0.054 
0.137 
0.661 
0.75 
0. 536 
0.248 
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Pot. No. Variable 


16 


at 0. 75 PK 


|2lI 


17 Scaling constant 


18 




19 


R . l AT 0~75P.F. 
|2ul 


21 




22 


^^R r io-^ 


23 


26 


28 


50 OJr 
o oCef 1 ) base. 


1 


*20 X*T 


48 




/ 


4.0 1 


50 Scaling constant 
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Setting 

0.661 

0.5 

0.317 

0.75 

0.083 

0.173 

0.361 

0.27 

0.98 

1.0 

0.2 



Pot. No. 


Variable 


55 Ra 


Setting 

0.205 


56 




0. 555 


57 Ra 


0.205 


58 


tV (V«i +■ 


XW x Dc/ 

X>*?c/ t- Xp^ 


10 


-I 


0.053 


Component 

Value 

Component 

Value 

R 1 

306 K 

Cl 

10 uf 

r 2 

10 K 

c 2 

1 uf 

r 3 

185 K 



R4 

100 K 



Timescale: Realtime: Computer time - 

100:1 
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2. Digital Computation 
(i) Linearization: 


r ed'-R 

Let = ed +■ A e d 

^ d = Id + 

^d ' Qd + &ip d 

<Pf ” + A c/>g_ 

* 6U^ + 4 


where e^ is the steady state value and e^, a small increment 
ot change. The same definition is applied to other variables. 


Let 


x= 




^2L A <A . + ^ X 






^ uDj v 


Substitute the relations into the original equation. 

^ = -Rc Ai d A - C ^ ) 
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Similar procedure is applied to the other basic equations. The results 
are expressed in matrix. 


Load: 


Rl_ S Li 


A-i<t 
A L /— 


Flux linkages: 


Voltages: 


~ Lsj 

0 

L.m</ 

dC/trc/ 

o 

0 

0 

0 

0 

Ay 

o 

~ fnd 



0 


l~oJ 

0 

0 


0 

0 

Ay 


ooo 

0 0 0 

o 0 

O ZoJ o 


AiJ 

dsLa. 


AL + 


Aiot 


Ao)^ 
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Laplace transformation has been applied with initial conditions equal 
to zero. In order to simplify the problem, neglect damper bar, 
armature resistance, magnetic saturation, armature and field leakage 
inductances. Eqs. (76) to (78) and the balanced load equations become: 







S L rnd 


~S jL/»g/ 

Ct/t iL/h(/ 



3 - 4 } 



Assume constant generator frequency. 

That is g = 0. From eqs. (79) to (82). First solve for /L 
and £ iq. 



A?c/ 

4 * 6 - 






cD^ /r»c/ 



+ 


'S'/./ttcf 






5" ^ "] 



/sue/ 



(83) 

(84) 


+ 

S' 


~ Sine/ 

ft 


Asm/ 


-cr2 




7 


/ v r 


h 


(S«) 


s 2 0»d 4 * SO Z*y yfy *4, xf/^ 

y ‘‘Jf 2-w/ 1 /_ + (£ mc / 


l/»d {d/*e + li. Cl*,f */ L ) 

s + 4 ; +sf6„/% L 


s/ad 



//rts/ J 




^ 4 / 


( 86 ) 
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£ 2 Z y 2 Z/. Z7 + Z wg, .Zy- ^ Z -^ZZ/'’ __y^ 

Z/9* <Z Z<£ ( £#16, + /. L^) 

+ l. ?^ 4 -) (89d) 

Z/w''/ z^_ 


Zy-Zi ^ Z/r z 7 ^ 


* 


(89e) 


Z**Z ^ ^ Z//»Z / Z/?^ /■ y 

^ZW/ZV •*•_£* tf a? l-+-£l. Z/t 3 ZZ^ZZi /■ Z/ ^Z?y Z/y 


z^^/ zTZZ^ZzJ 


7 - 


ZZ Z Z^ ->^- ZZz ZZ /*■ 
£/yi2 Z L 


( 

/.I/?/" ^ ZwZ: ^ZlZV ^Z^ Z 

zzz Zz^ £ >^Z/_ 1 

7 (8 


^ Z7 7 Z/?*z ^ Z^ ^ 
ZW y- Z^ ) 


ZV < 

Z^*/ ZZ»^ ^Zz y 


~ 




Z/^ T^ Zi 


(89g) 


(89h) 



0/= - ^ ■/ ^ 
^ /• /-c ZmcZ 


(89i) 


T 




?<? — 


^V/?4 


Z/no/ CZ/r)t£ * 2Zt) 


(89 j) 


^22 “ 






^V 


(89k) 


4^ 


Generally, ^ 4y >^> /?{ 

4 /JO /?/; » //*// / y jCl 

The coefficients can be approximated. ' 


= 

/ 


4 

/"I? - 

££ 



V = 

_£l 

Z/ftc/ /C 




^2 
4^»%/ 


? 




; ; 


(90a) 


(90b) 


(90c) 


o-*i7 


bf>=. #£. 

' O 


r 


C 2 /./fit/ ZTz + Z Z*/ ^4// Z^/') y ZD 


Z /# <Z Z/n ^ 


9 


(90d) 


Cf> - ^£- £l / Za±£i iZ ^"A ^± t0 ”#-^02+z;j (90e) 

f / / / J ! / / ' (/ 


Z/vZ Zc 


Z ' »cZ Zn>p Z^L 


Jp= *£ + #*■ 

r O 


(90f) 


<2// — 


CO 


6// - 


' } ZSL 
£ "t 
/_ /*£ A _ 


/, 


T 


Z /nd 


■) 


C// - 


_iL ^ ^v - 

/ Z/»Z 


(90g) 


(90h) 


(90 i) 


a^- 

Z/*cZ 


Z, 2 = /- _^£ 

7 


/ /fid 


(90j) 


(90k) 
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Thus, solve for Za eq. 


Aej 

— 


\ 


/.L ^sA* 


"If 


/ 


A t 


t 


(£l +sAA)A?,(s') — Ac ^2 Csj 

Ac. d?/( s ) + C£l as Ac ) A?z A*) 

*■ 

£3 (5 4 -+ as 3 $ 3 A Cl 3 3- Z / 6 3d - A i/33 
s ^ S 3 A Cyt> A 6/3 s A a^o 




£ r 4 A s **Cff aIjLALzAL *AAL 

a * A s 3 A C^>s SAa^Q 

** 


l Ae /, 


673 ( s ) 

$4 (f> 


A * 


/J 


(91) 



(92a) 



(92b) 


a 


33 


- 




X. 


0? 


2 2 


4 33 


Cc // ^ Z~A . £ /, — IsOf 6 2 2_ 

<6 * 


^3 3 = -^4-- <Z„ ^ 4// - ^a 2 " 

/l. * 


c/33 ~ 




33 - -Z CT// 

Z/. 


ZV r 2 ^ 


_/ 




, A 


Z< 


^z) 


“ (&*/•+ — ^ Z22 ^-^za. ) 
Z. /*. ' 


^4^ r 


- Z. 


Zf// ^^2. * — ^ ) 

y 


(92c) 


(92d) 


(92e) 


(92f) 


(92g) 


(92 h) 


(92i) 
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Gi(s), G 2 (s), G 3 (s) and G 4 (s) are linear filters. They can be 
implemented on an analog computer. The coefficient of the 
filters can be tabulated by digital computer so that a new set 
of values can readily be obtained when the machine and/or load 
parameters are changed while this implies to change of 
potentiometer settings of the analog computer. However, this 
section will emphasize on theoretical analysis of the equivalent 
filters. Different kinds of stability analysis methods are used 
to interpret the relative stability, transient and other concerns. 
Numerical examples are given along with the discussion. 

Digital computer is used for the computations. 

(ii) First, the characteristics of the transfer functions of the models 
Gl(s), G2 (s), G3(s) and G4(s) are investigated. The denominator 
is a fourth order polynomial with all the coefficients positive. 
There will be four poles. Their locations depend on the generator 
and load parameters and the generator frequency which has been 
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assumed constant. For the system to be stable, all these poles 
of the closed loop system must lie on the left half of the complex 
plane so as to ensure convergence. The closed loop system is 
assumed to be: (with constant speed drive) 


+ 

RErE*£UCS_ 


COK1TROLLHR 

. e f _] 

5VNICUROWO 





c Load 



MEASURING 



E_l.EME.KiT 



Fig. 23 

Closed-Loop System 


Thus, the synchronous generator -and the load can be considered 
as an open- loop .plant. 

A synchronous generator used as a sample throughout the follow- 
ing discussion is rated at 120 volt/111 amp line to neutral with 
a power factor of 0. 75. 


- 2500 radians/second 
L"Wki r 0.068 henries 
L/v*^ - 0.044 henries 
£ f - 1. 8 ohms 
=0.8 ohms 

Lu r 0-0003 tyenries 
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From the previous argument and derivation 


&& - 


^ c"s ) 


£f (s) (93a) 

- 5* + 2-73 X/0 3 ^ 3 -6-?x/0*s j- <£ x 3.Q4X SQ " 

S*-+&X/D 3 S 9 +6.S X/O c S 2 *-/' 37 X /o'°S xS.cgy/o 


// 


Q 4 (s)~ E f (SJ . 

£f W 

(93b) 

- A4X/£^S 2 -/ *s - 7. 0 7 A /£ 7 

S*+&XtO*S*+6$ x/O C S 2 * AS 7 x/e'°S + 3 . 06 X/o " 


The steady state gains are - 


X/sr>, 

S^O 

Atm. 

S—O 


X?3 ( S ) 


<5 4 


/-26T 


/,/5“ 


Factorize G 3 (s) and G 4 (s) 


q 3 fs). £K/0 3 (S- 2/£)(S + 238 /s+ /3 77) 
(s + 2 5;^ r +S 30 O j(s*- 3 Co ± J /S'tO 
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(s2'57£j(s^_450o}Cs_ -Y-S7 *j' 

C 5 v- 23 ) (s + S30&)(S -/-3&0 /£&£>) 


The denominator determines the locations of the open- loop 
poles while the numerator determines the open- loop zeros. 
The poles are the starting points of the root locus which 
terminate at the corresponding zeros as the gain approaches 
to infinity. Observe both Gg(s) and G4(s) have the same 
denominator and the poles are all in the left half plane, there- 
fore, the open loop plant is a stable one. Only G^s) is 
plotted on the complex plane. 


S-5^ 



3 ~ plants. 
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r- 
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Fig. g4 Root locus of G4(a) 
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G 3 (s) and G 4 (s) have poles located at -23, -5300 and -360. The 
latter is taken from the real part of the pair of complex root. 


The correspondent time constant are: 


T 1 

1 

23 

0. 0435 sec. 

(96a) 

t 2 

_ 1 _ 

0. 00277 sec. 

(96b) 

360 


To 

1 

5300 

0. 000189 sec. 

(96c) 


The last two are comparatively insignificant. Thus, for a rough 
estimate, the synchronous generator with excitation voltage ef 
as the only feed forward control effort, can be approximated as 
a first order systed with a time constant of Tj. Generally, T 2 
can be included as subtransient time while Tj as transient time 
constant. From eqs. (94a) and (94b) steady state gain of 
terminal voltage e^ over excitation voltage e^ can be derived. 


jL/n 7 . 
S — -o 


£tCs) 
£f( s; 


s+o 


r 


k ✓ k 

L 


- G.25* + 1 ■ IS 1 ") 


1-7 


(97) 


Therefore, the approximated linear transfer function of e^/ef 
can be written as: 


&(*} — 
( s) 


ft 


(/+r. s)(/+7Zs) 


(98J 


/7 


('/-/■ a, c43SS) (/-/- O.0O?77S) 
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( iii) Frequency domain plot : 


To plot Gg(s) and G^s) in the frequency domain, let 
s - j Ui 

D(s) = S 4 +c/^>S 3 + 

(j w) - _ c oJ 1 + (sJ 4 ) to ( £ -g/js to 

'*>- r ' 


(99a) 


(99b) 


where 




| C&jk? +C*s 4 ) -/-OS 2 ’ ( X ) (99c) 

^~Z '~T / T I (99d) 

■ - vJ -/-oj + 1 


7f 


Similarly: 


Cs) ~-^S 4 +c / 3 3 S 3 A ^ X W/J s / **3 (100a) 

A/s I V 3 (j U!% / & 3 


(100b) 


where 


l//i (j»)\ ~ ^3 <& 33 - C33 tu> 31-c/n uj*)*" 

cu (6 33 ~ <z/b3 ^ Z ) 


) (100c) 


s &r, 


-/ 


& 33 &3 3 l*> *" ^ t*J 


(100d) 


s-57 



(101a) 


/V4 (s)~ fa (s 5* V 6 40 s + 0+4 ) 

^ (/'*- ) * I y*(jw) |e* 

(101b) 


where 



Use the same data for the synchronous generator and impose 
the same assumptions as in the previous example. Plot the 
transfer functions with respect to frequency in Fig. IV. 
Consider G 3 (s), the zero cross-over of the amplitude curve 
corresponds to a phase lag of 35°. That is a phase margin 
of 145 . G 3 (s) is far from unstable. One must know that not 
all the poles and zeros are in the left half of the complex 
plane. The non-minimum phase characteristics prevent the 
direct approximation of the phase angle derived from the 
asymptotic plot of the amplitude curve. 
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dt/oficcacie ! 











(iv) Transfer function derivation from laboratory data: 

Conversely, if a transient response curve is in hand, a 
transfer function can be derived from asymptotic plot in 
a frequency domain curve. The break-away points of two 
asymptotes with 20 db/decade decay difference determines 
the time constants. The order of the transfer function 
depends on the need of accuracy in describing the 
characteristics. It must be noted that a time domain plot 
which is the usual case of laboratory data, should be trans- 
formed into frequency domain plot before applying the 
approximation technique. The abscissa should be the ratio 
of output versus input in decibel while the ordinate, frequency 
on radians per second. Suppose an actual curve is plotted 
in Fig. D. Three asymptotic lines are approximated. The 
zero db/decade line is at 4. 6 db which determines the gain 
of the transfer function while the two break-away points 
at 
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£3 rad /sec **** ~ 3 <Zc md 


The transfer function becomes - 


Cs) — . 

0 + r- f s) O' r zS ) 


Z*> 4S7 


( 4i ) 


0 + f } S )C &0 


/. 7 


( / -h o.o ^ 0 . 002 . 77s J 


(98 a) 


(v) Two manipulated variables: 

If both /^ w and Ae^ are considered simultaneously, 




A A* 


4.6) 

4z(s) 


^ C A ) 


t 

4, y < r ‘-L J-r ■* <* 


+ t-L )i £ - * 4. ; 


4 )J / r/*/ J't-t’sf siji ~A- 4 y? 
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( 102 ) 


& C ‘>\ fd e,] 

<?z C*)J *■ /J 


fie. (i) ) 




V. 


rC*) 


*— ^ /•? cf 




-5 **■ ^ + S X c^> / s 6. 


r S «^>y 4^ 


- 


?J<g £ * f q y s*^ -* ^ 




'4 *i 


V 


0~> 


<4? 6J 

^ ($y) 


\ Ae f\ At ?< fb. (4 4 

L v^ Cs) j v * 


where 


^ 7 ro - * 4 <?7 + z V 7 ^£ c 7 v ^ 7 / ^ 


S* &j> ^ S' 3 ^ -S' ^ 1^ J" 


<~> e fr Jr s4e e^- i ‘ 3/ 8 ***<:& *■ s6# 


s 


5* f 3" 1 y- r y <c^> 


(102a) 


(102b) 


(103) 


(103a) 


(103b) 
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Again, approximate the coefficients by assuming 

c/f ' /- hu/ Z 


(104a) 


4s- 


cs - J/w" Y- Z 

+ U* II l W ( Zj. ~Z) j (104b) 

& [fy - rz ^ /J *v'Sy. X)j( ,0¥c ) 


Z. 


/ 


*t£ 

i_ 


*> 


•/- ('X -?J- 


(104d) 


~ Zl z* Met (x^ - z^y ^ 

** ) C& *<0- ^ ^ Vz y 

£ 4 -^-Zw /wZ ? zi -xj) - y ^ z^~ 




^ r/ ^ 1 r z ^ ^ 




^7 = ZZ Z^Z< 


i” 


(104e) 

(104f) 

(104g) 


(104h) 


(1 0 4i) 
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(1 04j) 
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^ ft ^ 
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The increments of the variables have to be small for the 
formulation to be valid. The result is an interacting system. 



Fig. 26 — Linearization of two control variable* 







(vi) Closed loop control: 



G s (s) - transfer function of synchronous generator 

G c (s) = controller 

H(s) - measuring elements 

T(s) - closed- loop transfer function 


where 

T(s) 


G c (s) Gs(s) 

1 f H(s) G c (s) Gs(s) 


Assume: 

Cj S (•>)-. 2.73K/Q* s’-tZZY/O*”**- C.K/o S S- 3 84x/o ' 

‘■K/o*** +65'X'° i s :l +/}7x/o“‘s + 3.eOKK>" 


// fs) =• /.O 

(sj - K 
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It is desired to find the maximum permissible gain K for 
a stable operation. Hurwitz criterion states that a 
characteristic equation 

r s"''+ #2 * 7 * *?, S + - <2 

All the determinants 



must be positive for a stable operation. The characteristic 
equation of T(s) is 

/-s-fJCs) bets) 6 S ) ‘ ° 

i.e, , 

(/+A')s 4 +(6-z;?3k)/o 7 S* /-(&■£-(> 2. 

~+- 03 -A ( 3 . os- i.e40) /P ' — O 

Set the determinants equal to zero for critical condition. 

C/38- £> K)/o S - o 
/Cf- 
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0 38 -<£*0 JO 8 

( Q - 2 . 73/<)/0 3 


C 3 . 08 -3.g4x) JO " 

CC-£ - *-2*J )/0 ‘ 



i.e. , 

K + 33. 3-0 

r 3 / C>A~ /, 


Since both values 

are valid, it is desirable to choose Kg = 31.6 

~OA^)/o 8 

O ■°8-3.UJd)/'," 

c 

- 2. 73^) /0 * 

(&■ S'- C )/o t - 

O'33*«) /0 8 

O 

/**: 

(8 -2.71* J/d 5 


i. e. , 

3?.£/( x S./SS’ S/^ - 48. t, = o 

- —34. 7 & ; 3 . 3.5 

It is desirable to have K3 = 34. 76 

To compare with the Kg obtained from the three determinants, 
in order to satisfy the criterion, the smallest value should be 
chosen. That is K = Kj ■ 23. 
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(vii) Sensitivity: 


Since any component of the same kind may not be identical 
due to various reasons, it is beneficial to learn the 
variation of total performance with respect to the deviation 
of characteristics of a certain component. It can be the 
parameters of the plant, the gain of the amplifier or others. 
For instance, one would like to know the effect of K on T(s) 
in the last example. Define sensitivity as 


J r) 

c/(£* 

g 

c /C£ f ,x / ) 

/ 


T 

The smaller the value of S£, the less effect of variation of 
K on T(s). However, in this example, the sensitivity is al- 
most linearly related to K because KG g 1. 

(viii) Degrees of Freedom : 

By investigating the closed- loop transfer function 

7~(s) CS ) <^ s fs) 
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assuming the plant G g (s) is fixed, one can adjust the controller 
G c (s) or feedback element H(s) respectively to obtain a desired 
T(s). Thus, there is only one degree of freedom. If G c (s) and 
H(s) are adjusted simultaneously, there will be two degrees of 
freedom. The latter is more flexible and many a time the im- 
plementation is much easier to be realized. 

(ix) Model Approach: 


Another method to enforce a specified transient response of a 
synchronous generator is by introducing a model which describes 
the specification precisely. The block diagram will be as 
follows: 



C / £7 c C?sr> 

I / -/-G c Gs M 


Let H ~ 1 and make 


i > > | 
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where 


0(s) = output 

I(s) = input 

G m (s) = transfer function of model 
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Calculation 

Number 

Electrical 

Symbol 

Explanation 



A, a 

(128) 

A 

Ampere conductors per inch 

(94a) 

A c 

Effective area of the core 

(68) 

A g 

Main gap area 

(70) 

A g 2 

Auxiliary air gap (g2) area 

(70a) 

Ag3 

Auxiliary air gap (g3) area 

(79) 

Ap 

Pole area 

(79) 

Api 

Area of pole at entering edge of 
stator toroid 

(79a) 

Apo 

Area of pole at entering edge of 
stator toroid 

(112) 

a sh 

Area of the shaft 

(91b) 

At 

Area of the teeth of one stator 

(51 G) 

At 

Ampere-turn/inch of magnet 

(124a) 


Area of the yoke over the exciting 
coil connecting the two stators 

(124b) 

^yc 

Area of the yoke outside the field 
coil in generator types 2 and 3 

(124c) 

A yr 

Area of the yoke that is radial and 
at the sides of the coil in types 
2 and 3 
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Calculation Electrical 


Number 

Symbol 

(124) 

\2 

(112) 

Ay4 

(520) 

Af 

(46) 

a c 

(144) 

a cd 

(153) 

a cf 

(170) 

adr 

(79) 


(79b) 

a sk 

(79a) 

a sp 

(501) 

a l 

(502 

a 2 


B, b 


(20) 

B 

(94) 

B c 

(200g) 

b cL 

(95) 

B g’ B g 

(122) 

B g2 


Explanation 

Cross sectional area of coil yoke 
Area of shaft 

Ampere- turn/inch of magnet 
Conductor area of stator winding 
Conductor area of damper bar 
Conductor area of field coil 
Damper bar end ring area 
North pole area 
Area of rotor skirt 
Area of south pole 
Distance between outer edges of 
adjacent pole sides 
Distance between inner edges of 
adjacent pole sides 

Density 

Core flux density 

Flux density in the core at full load 
Main air gap density (N. L. ) 
Auxiliary gap (g2) density (N. L. ) 
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Calculation 

Number 

(109) 

(119) 

(224) 

(230) 

(115) 

(104) 

(234) 

(104b) 

(103a) 

(314) 

(319) 

(104a) 

(222b) 

(213b) 

(200b) 

(103) 

(104d) 


Electrical 

Symbol 

B g2 

B g3 

B g2FL 

B g3FL 

% 

B 'np 

B NPFL 

B P 

*P 

B pc 

B pcL 

B pi 

^il 

b PL 

B 'pL 

B r 


Explanation 

Flux density in auxiliary gap 
Auxiliary gap (g3) density (N.L. ) 
Density in auxiliary gap (g2) (F. L. ) 
Density in auxiliary gap (g3) (F. L. ) 
Leakage flux from north pc le 
(spider pole) through the field coil 
North pole flux density 
North pole density (F. L. ) 

Pole flux density at N. L. 

Pole density 

Center section density 

Density in the pole center at full load 

Flux density in inner pole aT N. L. 

Flux density in inner pole at full load 

Pole flux density at F. L. 

The first approximation of the flux 
density in the pole at full load 
Flux density in outer pole (N. L. ) 

Flux density in rotating outer ring 
at no load 
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Calculation 

Number 

Electrical 

Symbol 

(315) 

B rc 

(321) 

B rcL 

(222d) 

B rL 

(113) 

b sh 

(215a) 

b SHL 

(202c) 

b shl 

(222) 

b SKFL 

(105) 

B SP 

(215) 

b spfl 

(91c) 

b' t 

(91) 

B'j 1 

(205) 

b tl 

(126a) 

By 

(125a) 

Bye 

(228a) 

BycL 

(229a) 

ByL 


Explanation 

Core density 

Flux density in the rotor core at 100% 
load 

Flux density in rotating outer ring at 
no load 

Shaft flux density 
Shaft flux density at F. L. 

First approximation of shaft density 
at full load 

Density in rotor skirt (F. L. ) 

South pole density (N.L.) 

South pole density (F.L.) 

Stator tooth density (N.L.) 

Stator tooth density (N.L.) 

Stator tooth density (F. L.) 

Yoke flux density 
Yoke density at N. L. 

Yoke density at F. L. 

Yoke density at F. L. 
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Calculation 

Number 

Electrical 

Symbol 

(125c) 

Byr 

(228c) 

%rL 

(125) 

By2 

(228) 

®y2 FL 

(113) 

B y 4 

(232) 

B y 4 FL 

(135) 

^bo 

(135) 

hbl 

(78) 

b coil 


(76) 

b h 

(116) 

b NP 

(76) 

b NP (MID) 

(76) 

b NP (END) 

(22) 

b o 

(22) 

b l 

(22) 

b 2 


Explanation 

Yoke density at N.L. 

Yoke density at F. L. 

Density of coil yoke 
Density in coil yoke (F.L.) 
Density in shaft (N.L.) 

Density in shaft (F.L.) 

Width of damper slot opening 
Width of rectangular damper 
bar slot 
Coil width 

Pole dimension 
North pole density (N.L.) 

Pole dimension locations 

Width of north pole at end of pole 

Slot dimension 

Slot dimension 

Slot dimension 


T-5 



Calculation 

Number 

Electrical 

Symbol 

(22) 

b 3 

(76) 

b p2 

(76) 

hpl 

(303) 

b r 

(314b) 

brh 

(22) 

b s 

(76) 

b SP (END) 

(76) 

b SP (MID) 

(58) 

b t 

(57 a) 

b t 1/3 

(57) 

b tm 

(303) 

b tr 

(15) 

b v 

(508) 

C 


Explanation 

Slot dimension 
Pole dimension 
Pole dimension 
Size slots 

Height of ventilating holes in rotor 
core area 
Slot dimension 

Width of south pole at end of pole 
Width of south pole at middle of pole 
Tooth width at stator 
Stator tooth width 1/3 distance from 
narrowest end 

Stator tooth width 1/2 distance from 
narrowest end 
Size slots 
Radial duct width 

C is a factor to account for holes that 
reduce magnet area 
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Calculation 

Number 

Electrical 

Symbol 

Explanation 

(331) 

C F 

Ratio of field interleakage with its 
own flux to the maximum interleakage 
of a concentrated field winding 

(74) 

C M 

Demagnetizing factor 

(73) 

Cp 

Pole constant 

(75) 

°q 

Cross magnetizing factor 

(72) 

c w 

Winding constant 

(71) 

C 1 

Ratio of maximum fundamental of 
field form to the actual maximum 
of the field form 

(32) 

c 

Parallel paths 



_d 

(12) 

D 

Stator lamination outside diameter 

(78) 

D 

coil 

Coil outside diameter 

(10a) 

d 

Stator equivalent diameter 

(11) 

d 

Stator lamination inside diameter 

(35) 

d b 

Diameter of bender pin 



Calculation 

Number 


Electrical 

Symbol 


Explanation 


(78) 

d coil 

Coil inside diameter 

(170) 

d dr 

Damper bar end ring mean diameter 

(78) 

d g2 

Diameter auxiliary air gap 

(78) 


Inside diameter of rotor tube 

(78) 

d os 

Rotor gap dimension 

(78) 


Rotor dimension 

(78) 

dq 

Outside diameter of shaft 

(11a) 

d r 

Outside rotor diameter 

(314a) 

d s 

Inner diameter of rotor punching 

(78a) 

d SH 

Shaft dimension 

(78a) 

d SH 

Shaft dimension 

(78) 

d sl 

Rotor gap dimension 

(78) 

d s2 

Rotor gap dimension 

(78) 

d s3 

Rotor gap dimension 

(78) 

d s4 

Rotor gap dimension 

(78) 

d s5 

Rotor gap dimension 

(78) 

d tl 

Smallest diameter of tapered gap 

(78) 

dto 

Outside diameter of tapered gap 

(78) 

d yc 

Yoke and coil dimensions for three 
types of homopolar inductor construction 
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Calculation 

Number 


Electrical 

Symbol 


Explanation 


g, e 


(3) 

E 

Line volts 

(56) 

ef bot 

Eddy factor bottom 

(238) 

e ffl 

Full load field volts 

(525) 

e fl 

Voltage supplied to the load at rated 
current, rated speed, and at a 
specified power factor 

(127b) 

e fnl 

No load field volts 

(55) 

ef top 

Eddy factor top 

(516) 

e nl 

Ampere- turn/inch of magnet value 
corresponding to the intersection of 
the shear line with the major hysteresis 
loop of the permanent magnet material 

(4) 

e ph 

Phase volts 

(198) 

e d 

Direct axis voltage behind synchronous 
reactance 

F; f 

(98) 

E c> F'c 

N. L. stator core ampere turns 

(201) 

f cl 

F. L. stator core ampere turns 
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Calculation 

Number 

Electrical 

Symbol 

Explanation 

(198b) 

F dm 

Demagnetizing ampere-turns at full 
load 

(236) 

f fl 

Total full load ampere turns 

(96) 

F F’ 
g, g 

N. L. main gap ampere turns 

(96a) 

F g +m 

Total air-gap ampere- turn drop 
across the single air-gap at no-load, 
rated voltage 

(199) 

F gL 

First approximation of the ampere 
turns drop across the main air-gap 
at full load. 

(203) 

F gL 

F. L. air-gap ampere turns 

(208a) 

F gL 

F. L. air-gap ampere turns 

(HO) 

F g2 

Ampere turn drop across auxiliary 
air gap 

(123) 

F g2 

N. L. gap (g2) ampere turns 

(225) 

F g2 FL 

F.L. gap (g2) ampere turns 

(120) 

F g3 

N. L. gap (g3) ampere turns 

(231) 

F g3 FL 

F. L. gap (g3) ampere turns 

(106) 

F np 

North pole ampere turn drop 
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Calculation 

Number 

Electrical 

Symbol 

Explanation 

(117) 

f NP 

N. L. north pole ampere turns 

(127) 

f nl 

Total no load ampere turns 

(235) 

f npfl 

F. L. north pole ampere turns 

(235) 

f npfl 

North pole ampere turn drop 

(106a) 

F p 

N. L. air gap ampere turns 

(104a) 

F P 

N. L. pole ampere turns 

(316) 

F pc 

Ampere turn drop in the pole center 
at no load 

(320) 

F pc L 

Ampere turn drop in pole center at 
full load 

(222c) 

F piL 

Ampere turn drop through inner pole 
at full load 

(222a) 

F poL 

Ampere turn drop through outer pole 

(21 3 L) 

f pl 

F. L. pole ampere turns 

(213c) 

f pl 

F. L. pole ampere turns 

(200c) 

F PL 

First approximation of the ampere 
turns drop in the pole at full load 

(104) 

F P0 

Ampere turn drop through outer pole 

(104a) 

f r 

Rotor ampere turns or pole ampere 
turns 
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Calculation 

Number 

Electrical 

Symbol 

(10%) 

F r 

(317) 

F rc 

(322) 

F rcL 

(22 2e) 

F rL 

(98a) 

F s 

(180) 

F SC 

(114) 

f sh 

(216a) 

f shl 

(20 2d) 

f 'shl 

(223) 

f skfl 

(107) 

F SP 

(216) 

f spfl 

(200) 

f' 

r TL 

(97) 

F t , f t 

(183) 

F & W 

(126b) 

F 

y 

(126) 

F y2 

(229) 

F y2FL 


Explanation 

Ampere turn drop in ring at no load 

Ampere turn drop in the rotor core 

Ampere turns drop per pole in the 

rotor core at 100% load 

Ampere turn drop in ring at full load 

N. L. stator ampere turns 

Short circuit ampere turns 

N. L. shaft ampere turns 

F. L. shaft ampere turns 

First approximation of ampere turn 

drop in shaft at full load 

F. L. rotor skirt ampere turns 

N. L. south pole ampere turns 

F. L. south pole ampere turns 

Tooth ampere- turn drop under load 

N. L. stator tooth ampere turns 

Friction and windage 

N. L. yoke ampere turns 

N. L. coil yoke ampere turns 

F. L. coil yoke ampere turns 
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Calculation 

Number 

Electrical 

Symbol 

Explanation 

(114) 

F y4 

N. L. shaft ampere turns 

(233) 

F y4FL 

F. L. shaft ampere turns 

(125b) 

F 

yc 

N. L. yoke ampere turns 

(228b) 

F ycL 

F. L. yoke ampere turns 

(229b) 

F yL 

Yoke mmf drop at F. L. 

(229c) 

F yL 

Yoke mmf drop at F. L. 

(12 5d) 

F yr 

N. L. yoke ampere turns 

(228d) 

F yrL 

The ampere turn drop in the radial 



section of the yoke at full load 

(5a) 

f 

Frequency 



G, g 

(59) 

g 

Main air gap 

(59) 

Smin 

Minimum air gap in inches 

(59g) 

Smax 

Maximum air gap in inches 

(59a) 

g 2 

Auxiliary air gap 

(59c) 

S3 

Auxiliary air gap 

(59d) 

g 3-l 

Horizontal section of stepped gap g3 

(59e) 

g 3-2 

Vertical section of stepped gap g3 

(59f) 

S3e 

Effective value of stepped gap g3 

(69) 

g e 

Effective main gap 
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Calculation 

Number 


Electrical 

Symbol 


Explanation 


H, h 


(519a) 

h 

(135) 

hb 

(137) 

h bl 

(135) 

^bo 

(24) 


(76) 

hf 

(76) 

h h 

(78) 

h N p 

(22) 


(76) 

hp 

(76) 


(303) 


(303) 

\l 

(303) 

\2 

(22) 

h s 

(38) 

h ST 

(37) 

h ST 


Slope of hysteresis loop in PM 
material 

Damper slot dimension 

Height of damper bar section 

Height of damper slot 

Depth below slot 

Pole dimension 

Pole dimension 

Height of north pole 

Slot dimension 

Pole dimension 

Pole dimension 

Slot dimension 

Slot dimension 

Slot dimension 

Slot dimension 

Distance between center line 

strand in depth 

Stator coil strand thickness (largest 
dimension) 
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Calculation 

Number 

Electrical 

Symbol 

Explanation 

(22) 

h 

Slot dimension 

(22) 

K 

Slot dimension 

(78) 

\ 

Height of coil yoke 

(22) 

hi 

Slot dimension 

(22) 

h 2 

Slot dimension 

(22) 

h 3 

Slot dimension 



h 1 

(194) 

I 2 R 

N. L. stator copper loss 

(245) 

i 2 r l 

N.L. stator copper loss 

(241) 

I 2 R l 

N.L. field copper loss 

(182) 

I 2 R r 

N.L. field copper loss 

(237) 

X FFL 

F.L. field amperes 

(8) 

t ph 

Phase current 

(127a) 

X FNL 

Field current at no load 

(182) 

i 2 Rr 

Rotor I 2 R at no load 

(182) 

i 2 r f 

Field I 2 R at no load 

(241) 

I 2 Rr 

Rotor I 2 R at 100% load 

(241) 

i 2 r f 

Field I 2 R at 100% load 

(245) 

i 2 r 

Stator i2r at 100% load 
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Calculation 

Number 


Electrical 

Symbol 


Explanation 


(522) 

*SC 

Current per phase flowing when all 
phases are shorted together at the 
machine terminals 

(ID 

LD. 

Stator I. D. 

K, k 

(9a) 

*c 

Adjustment factor 

(43) 

Kd 

Distribution factor 

(63) 

«e 

Leakage reactive factor 

(16) 

*i 

Stacking factor 

(44) 


Pitch factor 

(308) 

Kr 

Carter’s coefficient rotor 

(67) 

Ks 

Carter coefficient 

(42) 


Skew factor 

(2) 

KVA 

Generator rating 

(61) 

% 

Factor to account for difference in 
phase current in coil sides in same 
slot 

(19) 

k 

Watts/lb core loss 
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Calculation 

Number 


Electrical 

Symbol 


Explanation 


L, 1 


(48) 

Le 

Stator coil end extension length 

(161) 

Lp 

Field inductance 

(13) 


Gross core length (stator) 

(139) 

i?b 

Damper bar length 

(84) 


Length of leakage path 5 

(36) 

tte2 

Coil extension beyond core 

(78) 

i g2 

Horizontal length of (g2) air gap 

(76) 

J?h 

Pole dimension 

(76) 

i^NP 

Length of north pole 

(76) 


Pole dimension 

(305) 

Hr 

Core length 

(305a) 

Ls 

Solid length of rotor core 

(17) 


Solid core length 

(76) 

i si 

Stepped gap axial dimension 

(76) 

J?s2 

Stepped gap axial dimension 

(76) 

& s3 

Stepped gap axial dimension 

(76) 

^ s4 

Stepped gap axial dimension 

(76) 

J^s5 

Stepped gap axial dimension 
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Calculation 

Number 

Electrical 

Symbol 

Explanation 

(78) 

isK 

Length of skirt 

(76) 

SP 

Length of south pole 

(49) 

it 

1/2 mean turn (stator coil) 

(147) 

tf 

1/2 mean turn of field coil 

(147) 

Ztr 

Mean length of field turn 

(78) 

dy 

Length of field coil yoke 

(78) 

dyi 

Effective length of shaft 

(80a) 

ii 

Leakage path length 

(81a) 


Leakage path length 

(82a) 

CO 

Leakage path length 

(83) 

u 

Length of leakage path 4 (4 pole) 

(83) 

J i 4a 

Length of leakage path 4 (6 pole) 

(85) 

u 

Length of leakage path 6 

(86) 

l 7 

Length of leakage path 7 



M, m 

(5) 

m 

Number of phases 



N, n 

(146a) 

N co 

Number of field coils 

(146a) 

N P 

Number of field turns per pole 
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Calculation 

Number 

Electrical 

Symbol 

Explanation 


(306) 

N r 

Conductors per slot 

— 

(302a) 

N rc 

Number of slots in pole center 


(34) 

n st 

Strands per conductor in depth 


(34a) 

n st 

Strands per conductor (total) 


(138) 

% 

Damper bars 

. — 

(45) 

n e 

Effective conductors 


(146) 

np 

Field turns per coil 


(30) 

n s 

Conductors per slot 

— 

(14) 

n v 

Radial ducts 




O, o 


(12) 

O. D. 

Stator O. D. 





— 

(9) 

PF 

Power factor 


(511) 

P g 

Air-gap permeance 


(509) 

Pi 

Permeance of the in- stator leakage flux 

— 

(80c) 

Pm 

Leakage permeance 


(507) 

p m 

Adjustment factor to convert the perme- 


ance values to the proper scale for use 
in the general hysteresis loop 
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Calculation 

Number 


Electrical 

Symbol 


Explanation 


(510) P 0 

(505) P si 


(506) P s2 


(514) 

p w 

(80) 

p l 

(500) 

p l 

(81) 

p 2 

(503) 

p 2 


Permeance of the out- stator leakage 
flux 

Permeance of the flux leakage path 
from the underside of one pole shoe 
to the underside of the adjacent pole 
shoe 

Permeance of the flux leakage path 
from the centerline of the end surface 
of one pole head to the centerline of 
the end surface of the adjcacent pole 
head 

Total apparent permeance of the work- 
ing air gap 

Pole head end leakage permeance 
Pole-to-pole side leakage permeance 
Pole head side leakage permeance 
Permeance of the flux leakage paths 
from pole- head surface to pole- head 
surface and between adjacent pole 
head edges 
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— 

Calculation 

Number 

Electrical 

Symbol 

Explanation 


(82) 

P 3 

Pole body end leakage permeance 


(504) 

p 3 

Permeance of the flux leakage path 

— 



from the centerline of the end surface 




of the pole to the centerline of the 




adjacent pole end surface 

' — 

(83) 

P 4 

Pole body side leakage permeance 



(84a) 

P 5 

Coil leakage permeance 


(84) 

p 5 

Coil leakage to north pole permeance 


(85) 

P 6 

Coil leakage to south pole permeance 

— 

(85a) 

p 6 

Leakage permeance 


(86a) 

P 7 

Stator to rotor leakage 


(86) 

P 7 

Stator core to rotor skirt leakage 

— 



permeance 


(86a) 

P 8 

Flux plate to flux plate leakage 




permeance 

— 

(6) 

P 

Number of poles 

— 



Q, q 


(23) 

Q 

Number of slots 


(300) 

Q r 

Slots punched 

— 

(301) 

Qr 

Slots wound 
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Calculation 

Number 

Electrical 

Symbol 

(25) 

q 

(154) 

(cold) 

(155) 

% (hot) 

(7) 

RPM 

(53) 

R SPH (cold) 

(54) 

R SPH (hot) 

s,_ 

(181) 

SCR 

(127c) 

S F 

(239) 

S FL 

(47) 

S S 

(177) 

T a 

(178) 

T 'd 

(179) 

T d 

(176) 

T do 

(78) 

t sk 


Explanation 

Slots per pole per phase 

Cold field resistance at 20° C 
Hot field resistance at X° C 
Revolutions per minute 
Stator resistance per phase at 20° C 
Stator resistance per phase it X° C 

Short circuit ratio 
Current density in field conductor 
F. L. current density in field conductor 
Current density in stator conductor 

Armature time constant 
Transient time constant 
Subtransient time constant 
Open circuit time constant 
Thickness of rotor skirt 
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Calculation 

Number 

Electrical 

Symbol 

Explanation 

(78) 

T SP 

Thickness of south pole 

(76) 

*pl 

Pole dimension 

(76) 

<p2 

Pole dimension 

(304) 

*TS 

Tooth pitch 

(78) 

V 

Yoke dimension 

(78) 

Vc 

Yoke dimension 

(78) 

Vr 

Yoke dimension 



V, v 

(145) 

V r 

Peripheral speed 



W, w 

(185) 

W C 

Stator core loss 

(244) 

W DFL 

F. L. damper loss 

(193) 

W DNL 

N.L. damper loss 

(186) 

W NPL 

N.L. pole face loss 

(243) 

W PFL 

F. L. pole face loss 

(242) 

W TFL 

F. L. stator teeth loss 

(184) 

W TNL 

N. L. stator teeth loss 
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Calculation 

Electrical 


Number 

Symbol 

Explanation 

(81b) 

At 

Pole tip leakage permeance 

(77) 

<?c 

Pole embrace 


(198a) 9 P. F. angle 


PROGRAMMING BY ROGER W. HULTHEN. 
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Calculation 

Number 

Electrical 

Symbol 

Ejqplanation 

(78) 

T SP 

Thickness of south pole 

(76) 

<P1 

Pole dimension 

(76) 

*p2 

Pole dimension 

(304) 

Vs 

Tooth pitch 

(78) 

V 

Yoke dimension 

(78) 

Vc 

Yoke dimension 

(78) 

tyr 

Yoke dimension 



V, v 

(145) 

V r 

Peripheral speed 



W, w 

(185) 

W C 

Stator core loss 

(244) 

W DFL 

F. L. damper loss 

(193) 

W DNL 

N.L. damper loss 

(186) 

W NPL 

N.L. pole face loss 

(243) 

W PFL 

F. L. pole face loss 

(242) 

W TFL 

F. L. stator teeth loss 

(184) 

W TNL 

N. L. stator teeth loss 
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Calculation 

Number 

Electrical 

Symbol 

Explanation 



X, x 

(129) 

X 

Reactance factor 

(131) 

Xad 

Reactance direct axis 

(132) 

*aq 

Reactance quadrature axis 

(133) 

x d 

Synchronous reactance 

(167) 

x d 

Saturated transient reactance 

(168) 

x d 

Subtransient reactance direct axis 

(142) 

x D °c 

Damper bar temperature 

(163) 

X Dd 

Damper bar leakage reactance 



direct axis 

(523) 

Xd (ohms) 

Direct axis synchronous reactance 

(165) 

X Dq 

Damper bar leakage reactance 



quadrature axis 

(166) 

X du 

Unsaturated transient reactance 

(160) 

X F 

Effective field leakage reactance 

(150) 

Xj °C 

Expected field temperature at full 



load 

(130) 

X C 

Leakage reactance 

(172) 

Xo 

Zero sequence reactance 

(307) 


Potier reactance 
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Calculation 

Number 

Electrical 

Symbol 

Ej^lajtation 

(169) 

x" 

X q 

Subtransient reactance quadrature axis 

(134) 

*q 

Synchronous reactance quadrature 

(50) 

V c 

Stator expected temperature at F. L. 



_y 

(31) 

Y 

Throw 

(140) 

T b 

Damper bar pitch in inches 

(26) 

t s 

Stator slot pitch 

(27) 

1/3 

Stator slot pitch 

(40) 

H SK 

Skew 

(41) 

' P 

Pole pitch 


0 


(200f) 

^cL 

F. L. core flux 

(311) 

^gP 

Flux in pole center 

(108) 

0 g2 

N. L. auxiliary air gap flux 

(221) 

0 g2L 

Flux crossing the auxiliary air gap 



under load 

(100a) 


Rotor leakage flux 
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Calculation 

Number 

Electrical 

Symbol 

Explanation 

(312a) 

0«s 

Slot leakage flux in each pole center 
at 100% load 

(312) 

0J? S 

Leakage flux 

(91a) 

0 m 

Leakage flux 

(202e) 

0m L 

F. L. leakage flux 

(198c) 

0'mL 

First approximation of the lea logo f 
from the shaft to the stator between 
rotor lobes or poles (or teeth) 

(92) 

% 

N. L. flux per pole 

(93) 


Estimated flux per pole 

(318) 

0PCL 

Flux in the pole center at full load 

(213) 

0pL 

Flux per pole F. L. 

(200a) 

0 PL 

First approximation of the flux per 
pole at full load 

(102a) 

0pT 

N. L. flux per pole 

(213a) 

^PTL 

F. L. flux per pole 

(104c) 

0 

Flux in rotating outer flux ring at 
no load 

(313) 

0rc 

Total flux in the pole center 

(111) 

0SH 

Flux in shaft at no load 


T -26 



Calculation 

Number 

Electrical 

Symbol 

Explanation 

(112a) 

^SH 

N. L. shaft flux 

(202b) 

*'sHL 

First approximation of the shaft flux 
at full load 

(214a) 

^SHL 

F. L. shaft flux 

(221) 

^SKFL 

F. L. skirt flux 

(88) 

0 T 

Total flux 

(90) 

0 x 

Estimated total flux 

(208) 

0 TL 

Total flux F. L. 

(204) 

^TLl 

Theoretical flux at full load 

(100) 

01 

N. L. leakage flux in Path 1 

(209) 

0 1L 

F. L. leakage flux in Path 1 

(101) 

0 2 

N. L. leakage flux in Path 2 

(210) 

02 L 

F. L. leakage flux in Path 2 

(102) 

0 3 

N. L. leakage flux in Path 3 

(211) 

^3L 

F. L. leakage flux in Path 3 

(103) 

0 4 

N. L. leakage flux in Path 4 

(212) 

«*4L 

F. L. leakage flux in Path 4 

(115) 

<*5 

Leakage flux from north pole 
(spider pole) through the field 
coil 
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Calculation 

Number 

Electrical 

Symbol 

Explanation 

(118) 


N. L. leakage flux in Path 5 

(226) 

05 L 

F. L. leakage flux in Path 5 

( 200 d) 

05L 

First approximation of the 
leakage flux through P 5 at F. L. 

( 121 ) 

06 

N. L. leakage flux in Path 6 

( 121 a) 

°6 

N. L. leakage flux in Path 5 

( 220 ) 

00 L 

F. L. leakage flux in Path 6 

( 220 a) 

06 L 

Final value at full load 

( 200 e) 

06 L 

First approximation of the leakage 
flux through Pg at full load 

(99) 

0 7 

N. L. leakage flux in Path 7 

(89) 

0’ 7 

Estimated value of leakage flux 0 7 

(207) 

07 L 

F. L. leakage flux in Path 7 

(207a) 

07 L 

F. L. leakage flux in Path 7 

( 202 ) 

07L 

First approximati of the leakage 
flux through P 7 at full load 

(103b) 

€l 

00 

Flux plate to flux plate leakage flux 
(kilo lines) 

(198b) 

08 L 

Leakage flux at F. L. 
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Calculation 

Number 

Electrical 

Symbol 

Explanation 

(70c) 

A a 

Air gap permeance 

(158) 

A b 

Permeance of damper bar 

(175) 

A Bo 


(2 62) 

ADd 

Leakage permeance of damper bar 
in direct axis 

(164) 

A Dq 

Permeance in quadrature axis 

(64) 

Ae 

End winding permeance 

(82b) 

A e 

Pole end leakage permeance 

(1 Gif) 

A p 

Rotor leakage permeance 

(332) 

A F 

Leakage permeance of the field 
winding 

(333) 

^FE 

Leakage permeance of the rotor winding 
end extension 

(62) 

Ai 

Conductor permeance 

(159) 

Apt 

Permeance of end portion of damper 
bars 

(312b) 

Ars 

Rotor slot leakage permeance per inch 
of stator length 

(80b) 

As 

Pole side leakage permeance 
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Calculation 

Number 


(81b) 


(77) 


(198a) 


PROGRAMMING 


Electrical 

Symbol Explanation 



Pole tip leakage permeance 


£<_ Pole embrace 


6 


P. F. angle 


BY ROGER W. HULTHEN. 
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